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1. PURPOSE
The purpose of this scientific analysis report is threefold:

e Present a conceptual framework of igneous activity in the Yucca Mountain region
(YMR) consistent with the volcanic and tectonic history of this region and the
assessment of this history by experts who participated in the probabilistic volcanic
hazard analysis (PVHA) (CRWMS M&O 1996 [DIRS 100116]Y). Conceptual models
presented in the PVHA are summarized and applied in areas in which new information
has been presented. Alternative conceptual models are discussed, as well as their impact
on probability models. The relationship between volcanic source zones defined in the
PVHA and structural features of the YMR are described based on discussions in the
PVHA and studies presented since the PVHA.

e Present revised probability calculations based on PVHA outputs for a repository
footprint proposed in 2003 (BSC 2003 [DIRS 162289]), rather than the footprint used at
the time of the PVHA. This analysis report also calculates the probability of an eruptive
center(s) forming within the repository footprint using information developed in the
PVHA. Probability distributions are presented for the length and orientation of volcanic
dikes located within the repository footprint and for the number of eruptive centers
(conditional on a dike intersecting the repository) located within the repository footprint.

e Document sensitivity studies that analyze how the presence of potentially buried basaltic
volcanoes may affect the computed frequency of intersection of the repository footprint
by a basaltic dike. These sensitivity studies are prompted by aeromagnetic data
collected in 1999, indicating the possible presence of previously unrecognized buried
volcanoes in the YMR (Blakely et al. 2000 [DIRS 151881]; O’Leary et al. 2002
[DIRS 158468]). The results of the sensitivity studies are for informational purposes
only and are not to be used for purposes of assessing repository performance.

The U.S. Department of Energy (DOE) considers volcanism to be a potentially disruptive event
in the total system performance assessment (TSPA) analysis supporting the License Application
(LA) for the proposed Yucca Mountain repository (DOE 1998 [DIRS 100550]). The two
volcanic scenarios (with individual probabilities and consequences) modeled by the TSPA-LA
are:

e Ascent of a basaltic dike or dike system (i.e., a set or swarm of multiple dikes
comprising a single intrusive event) to repository level where it intersects drifts

e Development of volcanoes within the repository footprint with one or more conduits that
intersect waste packages.

! In this report, a unique six-digit numerical identifier (the Document Input Reference System [DIRS] number) is placed in the
text following the reference callout (e.g., BSC 2002 [DIRS 156605]), the purpose of which is to assist the reader in locating a
specific reference in the DIRS database. Within the reference list (Section 8), multiple sources by the same author and date
(e.g., BSC 2002) are sorted alphabetically by title.
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As a consequence of the first event, which is non-eruptive, waste from breached packages may
provide a source of radionuclides when groundwater moves through the damaged packages at
some time in the future (igneous intrusion groundwater release). The potential consequence of
the second event is that waste packages entrained within a conduit may be breached, releasing
radionuclides to the erupting ash plume where they can be dispersed downwind to a reasonably
maximally exposed individual (RMEI) (10 CFR 63 [DIRS 156605], Section 63.2; 66 FR 55794)
in the accessible environment at the controlled area boundary (10 CFR 63 [DIRS 156605],
Section 63.302; 66 FR 55813). According to 10 CFR Part 63 this location is to be approximately
18 km from the southern boundary of the repository.

This report, Characterize Framework for Igneous Activity at Yucca Mountain, Nevada, Revision
(REV) 02, describes the conceptual framework for volcanism near Yucca Mountain and how the
conceptual framework provides the basis for probability calculations. This report also presents
the probability results and associated uncertainties for intersection of the proposed repository by
a volcanic event and the probability of an eruption through the repository, conditional on a dike
intersection. In the context of the PVHA, a volcanic event is a spatially and temporally distinct
batch of magma ascending from the mantle through the crust as a dike or system of dikes
(CRWMS M&O 1996 [DIRS 100116], Appendix E). For the purposes of the probability models
discussed in this report, a volcanic event is defined as a point (x,y) in space representing the
expected midpoint of the dike system involved in the magma ascent. The dike system associated
with the volcanic event is represented in a probability model by a line element defined in terms
of a length, azimuth, and location relative to the point event (Figure 6-8 and Figure 6-10). The
term “dike length” used in the PVHA and in this report when discussing volcanic events, refers
to the total length of the dike system associated with the volcanic event. The phrase
“intersection of the repository footprint by a dike” refers to intersection of the emplacement area
of the repository by the line element representing the dike system associated with the volcanic
event. The possibility that a dike system (e.g., multiple dikes) has width or consists of multiple
parallel dikes is not part of the calculations in this report. Both the width of the dikes and the
number of parallel dikes affect the consequences of an intersection and are included in Number
of Waste Packages Hit by Igneous Intrusion (BSC 2004 [DIRS 170001]).

The probability results documented in this report provide the basis for all further igneous
consequences analysis. These probability results remain unchanged from those presented in
REV 01 of this report (BSC 2003 [DIRS 163769]) and no new output data were generated in this
version. The output data tracking numbers (DTNs) carried forward as output from this revision
are listed in Section 7.2. The results of this report provide direct input into the Number of Waste
Packages Hit by Igneous Intrusion scientific analysis report and direct input to the TSPA-LA.
This document uses information on conduit size developed in Characterize Eruptive Processes
at Yucca Mountain, Nevada, to define a buffer zone around the repository footprint.

The following documents also use information developed in this analysis report:

Screening Analysis of Criticality Features, Events, and Processes for License Application
Features, Events, and Processes: System Level

Features, Events, and Processes in UZ Flow and Transport

Features, Events, and Processes: Disruptive Events.
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Consideration of the number of volcanic events that have occurred during selected periods of
time in the YMR was one of the key parameters the PVHA used to calculate the probability of a
basaltic dike intersecting the repository footprint. Volcanic features counted as volcanic events
included individual volcanoes, alignments of volcanoes, and aeromagnetic anomalies in the
region that are known (by drilling) or inferred to be buried volcanoes. In 1999, three years after
the PVHA was completed, a new aeromagnetic survey of the YMR was completed under the
direction of the U.S. Geological Survey (USGS) (Blakely et al. 2000 [DIRS 151881], O’Leary et
al. 2002 [DIRS 158468]). REV 01 of this report (BSC 2003 [DIRS 163769]) presented
sensitivity studies addressing the potential impact of the new aeromagnetic survey results. This
report documents an additional sensitivity analysis that uses alternative conceptual models to
assess the potential impact of undetected (buried) volcanic events on the probability of
intersection of the repository footprint by a basaltic dike. This scientific analysis report is
governed by the Technical Work Plan For: Igneous Activity Assessment for Disruptive Events
(TWP) (BSC 2004 [DIRS 171403]). The TWP specifies the activities to be carried out in
updating information in the revision of this report. The activities documented in this report do
not deviate from those specified in the TWP.
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2. QUALITY ASSURANCE

Development of this scientific analysis report and the supporting analyses was subject to the
Office of Civilian Radioactive Waste Management quality assurance program (BSC 2003
[DIRS 171403], Section 8.1). Approved quality assurance procedures identified in the TWP
(BSC 2004 [DIRS 171403], Section 4) were used to conduct and document the activities
described in this report. The TWP also identifies the methods used to control the electronic
management of data (BSC 2004 [DIRS 171403], Section 8.4). The TWP also described the
methods to be used for the electronic management of information, as identified in AP-SV.1Q,
Control of the Electronic Management of Information. These methods were followed in
developing this report.

This report documents the volcanic history of the YMR, recalculates the frequency of
intersection and development of distributions for length and orientation of dikes, and recalculates
the number of eruptive centers within the repository footprint (subsurface facilities). The
subsurface facilities are classified on the Q-List (BSC 2004 [DIRS 168361], Appendix A) as a
Safety Category because of their importance to waste isolation, as defined in AP-2.22Q,
Classification Analyses and Maintenance of the Q-List. The results of this report are important
to the demonstration of compliance with the postclosure performance objectives prescribed in 10
CFR 63.113 [DIRS 156605]. This report contributes to the analysis and modeling data used to
support performance assessment; the conclusions do not directly impact engineered features
important to safety, as defined in AP-2.22Q.
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3. USE OF SOFTWARE
3.1 SOFTWARE TRACKED BY CONFIGURATION MANAGEMENT

The calculations presented in this scientific analysis report were performed with the set of
software routines described below. This software was qualified and placed on the Software
Baseline under AP-SI.1Q, Software Management, in 2000. The qualified calculations presented
in this report were conducted in REV 01 (BSC 2003 [DIRS 163769]) in 2003, again under the
software procedures active at that time. Although those software procedures have been
superseded by a more recent procedure (LP-S1.11Q-BSC), the software used in this analysis has
not been modified from the original baseline software. The software and routines used in
support of this work are appropriate for this application and are used within their range of
validation as described in the qualification documentation. The software is written in
FORTRANTY7 and operates on a personal computer equipped with a 486 or Pentium processor
under a disk operating system or in a Microsoft Windows operating system window. The
computations were performed using the software routines acquired from Software Configuration
Management. The software used was selected because it was designed to perform the
calculations defined by the PVHA (CRWMS M&O 1996 [DIRS 100116]), and it was used
within the parameter limits defined by the PVHA. There are no limitations on the use of the
results due to use of the selected software.

The software routine titles are listed with the standard FORTRAN .FOR extension in the
Software Configuration Management database, the DIRS database, and in Section 8.3 of this
report. The routines are listed by their titles without the .FOR extension in Table 3-1 and
Table 3-2, Figure 3-1 and Figure 3-2, and in the text of this report.

Table 3-1 lists the software routines used to compute the frequency of intersection of the
repository footprint by a volcanic event through full enumeration of the PVHA experts’ logic
trees. Figure 3-1 shows the data flow through the routines in Table 3-1. The software routines
listed in Table 3-1 are qualified versions of the routines used in the PVHA calculation (CRWMS
M&O 1996 [DIRS 100116]).

Table 3-2 lists the software routines used to compute the conditional distributions for the length
and azimuth of an intersecting dike within the repository footprint and the number of eruptive
centers within this footprint. The data flow through the software routines for this calculation is
shown in Figure 3-2.

In addition, the software routine COMBDELD.FOR V1.0 (LANL 2000 [DIRS 148617]) was
used to calculate aggregate dike length and event length distributions across all 10 PVHA experts
for display in Figures 6-2 and 6-4.

Software used to convert Nevada State Plane coordinates to Universal Transverse Mercator
(UTM) coordinates for the repository footprint is listed in Table 3-3.
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Table 3-1. Software Routines Used to Compute Frequency of Intersection of the Proposed Repository

by a Dike

Software Routine
(Software Tracking
Number)

Function

FITCD V1.0
(10262-1.0-00) [DIRS
148532]

Computes discrete cumulative probability distributions for dike length from cumulative
probabilities specified at selected values of length.

SFCD V1.0
(10275-1.0-00) [DIRS
148533]

Computes discrete cumulative probability distributions for dike length using user-
specified distribution forms.

DCPELD V1.0
(10258-1.0-00) [DIRS
148534]

Computes discrete probability distribution for dike length from expert-specified
distributions (output of FITCD).

CPDI V1.0
(10257-1.0-00) [DIRS
148535]

Computes conditional probability of intersection from volcanic events on an x,y grid
using output of DCPELD and expert-specified azimuth distributions.

UZVH V1.0
(10277-1.0-00) [DIRS
148536]

Computes frequency of intersection from volcanic source zones using output of CPDI.

FKVH V1.0
(10265-1.0-00) [DIRS
148567]

Computes frequency of intersection using kernel density estimation with specified h
and output of CPDI.

UZVPVH V1.0
(10279-1.0-00) [DIRS
148537]

Computes frequency of intersection from volcanic source zones using volume
predictable volcanic event rate model and output of CPDI.

FKVPVH V1.0
(10267-1.0-00) [DIRS
148538]

Computes frequency of intersection using kernel density estimation using volume
predictable volcanic event rate model and output of CPDI.

ZBCKVH V1.0
(10283-1.0-00) [DIRS
148539]

Computes frequency of intersection using kernel density estimation with h constrained
by a source zone boundary and output of CPDI.

FITFIELD V1.0
(10263-1.0-00) [DIRS
148540]

Computes parameters of a bivariate Gaussian distribution that approximates
boundaries of a defined polygon.

FIT2CNTR V1.0
(10261-1.0-00) [DIRS
148541]

Computes parameters of a bivariate Gaussian distribution from locations of volcanic
events.

PFGVH V1.0
(10273-1.0-00) [DIRS
148542]

Computes frequency of intersection using a bivariate Gaussian distribution with
specified field parameters and output of CPDI. Bivariate Gaussian distribution
parameters obtained from programs FIT2CNTR or FITFIELD.

FPFGVH V1.0
(10269-1.0-00) [DIRS
148543]

Computes frequency of intersection using a bivariate Gaussian distribution with
parameters fit to volcanic event locations and output of CPDI.

VHTREE V1.0
(10282-1.0-00) [DIRS
148544]

Computes mean and fractiles of frequency of intersection over an individual expert’s
volcanic hazard logic tree and aggregate over all experts using outputs of UZVH,
UZVHB, FKVH, UZVPVH, FKVPVH, ZBCLVH, PFGVH, and FPFGVH.
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Table 3-2 Software Routines Used to Compute Conditional Distributions for Dike Length, Azimuth, and
Number of Eruptive Centers within the Proposed Repository

Software Routine
(Software Tracking Number)

Function

FITCD V1.0 Computes discrete cumulative probability distributions for dike length from
(10262-1.0-00) [DIRS 148532] | cumulative probabilities specified at selected values of length.

SFCD V1.0 Computes discrete cumulative probability distributions for dike length using user-
(10275-1.0-00) [DIRS 148533] | specified distribution forms.

DCPELD V1.0 Computes discrete probability distribution for dike length from expert-specified
(10258-1.0-00) [DIRS 148534] | distributions (output of FITCD).

CPDI V1.0 Computes conditional probability of intersection from volcanic events on an x,y
(10257-1.0-00) [DIRS 148535] | grid using output of DCPELD and expert-specified azimuth distributions.
UZVHLH V1.0 Computes simulations of contributions to frequency of intersection on an x,y grid

(10278-1.0-00) [DIRS 148545]

from volcanic source zones using Latin Hypercube sampling and output from
CPDI.

FKVHLH V1.0
(10266-1.0-00) [DIRS 148546]

Computes simulations of contributions to frequency of intersection on an x,y grid
using kernel density estimation with specified h, Latin Hypercube sampling, and
output from CPDI.

UZVPVHLH V1.0
(10280-1.0-00) [DIRS 148547]

Computes simulations of contributions to frequency of intersection on an x,y grid
from volcanic source zones using volume predictable volcanic event rate model,
Latin Hypercube sampling, and output from CPDI.

FKVPVHLH V1.0
(10268-1.0-00) [DIRS 148551]

Computes simulations of contributions to frequency of intersection on an x,y grid
with kernel density estimation using volume predictable volcanic event rate
model, Latin Hypercube sampling, and output from CPDI.

ZBCKVHLH V1.0
(10284-1.0-00) [DIRS 148550]

Computes simulations of contributions to frequency of intersection on an x,y grid
using kernel density estimation with h constrained by a source zone boundary,
Latin Hypercube sampling, and output from CPDI.

FITFIELD V1.0
(10263-1.0-00) [DIRS 148540]

Computes parameters of a bivariate Gaussian distribution that approximates
boundaries of a defined polygon.

FIT2CNTR V1.0
(10261-1.0-00) [DIRS 148541]

Computes parameters of a bivariate Gaussian distribution from locations of
volcanic events.

PFGVHLH V1.0
(10274-1.0-00) [DIRS 148552]

Computes simulations of contributions to frequency of intersection on an x,y grid
using a 2D-Gaussian distribution with specified parameters, Latin Hypercube
sampling, and output from CPDI. Gaussian distribution parameters obtained
from programs FIT2CNTR or FITFIELD.

FPFGVHLH V1.0
(10270-1.0-00) [DIRS 148553]

Computes simulations of contributions to frequency of intersection on an x,y grid
using a 2D-Gaussian distribution with parameters fit to volcanic event locations,
Latin Hypercube sampling, and output from CPDI.

VHTIELHS V1.0
(10281-1.0-00) [DIRS 148554]

Computes mean and fractiles of simulations of contributions to frequency of
intersection on an x,y grid over an individual expert’s volcanic hazard logic tree
using Latin Hypercube sampling and output from UZVHLH, FKVHLH,
UZVPVHLH, FKVPVHLH, ZBCLVHLH, PFGVHLH, and FPFGVHLH.

NECPDS V1.1 Computes distributions for number of eruptive centers per volcanic event and
(10272-1.1-00) [DIRS 168238] | average spacing between eruptive centers.

FITIDSR V1.0 Computes discrete incremental probability distributions for dike length using
(10264-1.0-00) [DIRS 148557] | input to FITCD.

SFIDSR V1.0 Computes discrete incremental probability distributions for dike length using
(10276-1.0-00) [DIRS 148571] input to SFCD.

DLECD V1.0 Computes joint discrete probability distributions for dike length and number of

(10260-1.0-00) [DIRS 148558]

eruptive centers per volcanic event using output from FITIDSR.
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Table 3-2 Software Routines Used to Compute Conditional Distributions for Dike Length, Azimuth, and
Number of Eruptive Centers within the Proposed Repository (Continued)

Software Routine
(Software Tracking Number)

Function

DILECDLH V1.1
(10259-1.1-00) [DIRS 168221]

Computes joint conditional distribution of dike intersection length, dike azimuth,
and number of eruptive centers within the repository footprint from outputs of
program VHTIELHS using Latin hypercube sampling of dike length and volcanic
event location distributions from DIECDIST.

CFRAC V1.0
(10254-1.0-00) [DIRS 148560]

Locates individual expert’'s simulation results that represent specified percentiles
of the composite distribution for frequency of intersection from outputs of
VHTIELHS.

COMBSM V1.1
(10256-1.1-00) [DIRS 168220]

Computes composite joint distribution of dike intersection length, dike azimuth,
and number of eruptive centers within the repository footprint across experts
from outputs of DILECDLH and VHTIELHS for mean hazard.

COMBSF V1.1
(10255-1.1-00) [DIRS 168218]

Computes composite joint distribution of dike intersection length, dike azimuth,
and number of eruptive centers within the repository footprint across experts
from outputs of DILECDLH for selected percentiles of the hazard.

MARGIN V1.1
(10271-1.1-00) [DIRS 168223]

Computes marginal distributions for dike intersection length, dike azimuth, and
number of eruptive centers within the repository footprint from output of
COMBSM and COMBSF.
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NOTE: Names in the boxes denote software routines listed in Table 3-1.

Figure 3-1. Flowchart for Computation of Frequency of Intersection of Proposed Repository by a Dike
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Table 3-3. Software Used to Convert Emplacement Drift End Points for the Repository Footprint from

Nevada State Plane Coordinates to Universal Transverse Mercator

and Version (V)

Software Name | Software Tracking

Number

Description

Computer and Platform
Identification

[DIRS 167994]

EarthVision 5.1 10174-5.1-00

Commercial GIS software used for
coordinate conversion.

Silicon Graphics/
IRIX 6.5

3.2 EXEMPT SOFTWARE

Commercial, off-the-shelf software used in support of this scientific analysis is listed in
Table 3-4. This software is exempt from the requirements of LP-SI.11Q-BSC, Software

Management.

Table 3-4. Exempt Software

Computer and

Software Name and Software
Version Tracking Platform
V) Number Description Identification
Microsoft Excel, 97 N/A The commercial software, Microsoft Excel, 97 was PC, Windows 98

used for plotting graphs and preparing tables. No
software routines or macros were used with this
software to prepare this report. The output was

visually checked for correctness.
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4. INPUTS
4.1 DIRECT INPUTS

The location, a brief description, and the data tracking number (DTN) used as input for this
scientific analysis report are listed in Table 4-1. The qualification status of data input is provided
in the Technical Data Management System and listed in the Document Input Reference System
(DIRS) database.

Table 4-1. Direct Input Data

Data Name Data Source DTN
PVHA (CRWMS M&O 1996 CRWMS M&O 1996 [DIRS 100116] MOO0002PVHA0082.000
[DIRS 100116]): Expert Assessment of [DIRS 148234]
Volcanic Hazard in the YMR
Conduit Diameter BSC 2004 [DIRS 169980] LA0407DK831811.001
[DIRS 170768]

The primary source of input data for this analysis is the PVHA expert interpretations presented in
Probabilistic Volcanic Hazard Analysis for Yucca Mountain, Nevada (CRWMS M&O 1996
[DIRS 100116]). Because this report is an analysis of the PVHA (CRWMS M&O 1996
[DIRS 100116]), the use of the PVHA as input to this report is appropriate. The PVHA expert
interpretations are used as inputs to the calculations described in Section 6.5 and Appendix C.
Interpretations and inputs provided by the PVHA to perform the calculations described in
Section 6.5 are discussed in Section 6.5.1. The interpretations are also discussed in the
conceptual framework described in Sections 6.1 through 6.4. The distribution of conduit
diameters is used in Appendix B to develop a buffer zone surrounding the repository footprint
that is used to account for the effect of conduit size on the calculation of the frequency of dike
intersection and the distribution for number of eruptive centers within the repository footprint.

Other input to this analysis is listed in Table 4-2.

Table 4-2. Other Direct Input to This Scientific Analysis

Name Description DTN
Repository footprint Repository footprint determined from information described | N/A
in BSC 2003 [DIRS 162289]

All other DTNs presented in this scientific analysis report are not used as direct input to this
report and are used as reference only.

42 CRITERIA

The general requirements to be satisfied by the TSPA are stated in 10 CFR 63.114
[DIRS 156605]. Technical requirements to be satisfied by the TSPA are identified in the Yucca
Mountain Project Requirements Document (Canori and Leitner 2003 [DIRS 166275]). The
acceptance criteria that will be used by the Nuclear Regulatory Commission (NRC) to determine
whether the technical requirements have been met are identified in the Yucca Mountain Review
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Plan, Final Report (NRC 2003 [DIRS 163274]). Criteria that are applicable to this scientific
analysis report, and details of how the criteria have been addressed, are described in Appendix D.

The Yucca Mountain Review Plan, Final Report (NRC 2003 [DIRS 163274]) lists acceptance
criteria pertaining to the above requirements. Criteria that are applicable to this scientific
analysis report are described in Appendix D.

The Yucca Mountain Review Plan, Final Report Acceptance Criteria are intended to ensure that
the requirements of 10 CFR 63.114(a)—(c) and (e)-(g) [DIRS 156605] are met.

4.3 CODES, STANDARDS, AND REGULATIONS
No specific formally established codes, standards, or regulations have been identified as applying

to this activity, except for those discussed in Section 4.2. This activity does not directly support
LA design.
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5. ASSUMPTIONS
This section describes the assumptions used for the analyses in Section 6.5 and Appendix C.

The calculation of the updated distribution for frequency of intersection of the repository
footprint by a basaltic dike requires no assumptions because it uses the outputs defined by the
PVHA (CRWMS M&O 1996 [DIRS 100116]) without modification. The update involves only a
change in the repository footprint.

The calculation of conditional distributions for the length and azimuth of intersecting dikes
within the proposed repository requires no assumptions because it involves only a modification
of the software to output an intermediate step of the “frequency of intersection of the repository
footprint by a dike” calculation.

The calculation of conditional distributions for the number of eruptive centers within the
repository footprint requires an assessment of the number of eruptive centers associated with a
volcanic event and the spatial distribution for eruptive centers along the length of the dike. As
explained in Section 6.5.2.2, this analysis uses the PVHA experts’ assessment of volcanic event
counts and the number of separate eruptive centers to develop a distribution for the number of
eruptive centers per volcanic event. The number of eruptive centers associated with a volcanic
event is derived using the following assumptions.

5.1 USE OF QUATERNARY VOLCANOES

Assumption: The mapped Quaternary volcanoes in the YMR are representative of the type of
volcanoes characterized for calculation of the consequences of an eruptive event through the
proposed repository. For the purposes of this analysis report and for performance assessment
(PA) calculations, each eruptive center or vent equates to one subsurface conduit.

Basis: As stated by the Igneous Consequences Peer Review Panel, “...the history of volcanism
and eruptive styles of Pliocene to Quaternary volcanoes in the Crater Flat VVolcanic Zone (CFVZ)
represents the best guide to possible future activity at the YMR” (Detournay et al. 2003
[DIRS 169660], Section 2.1.1). Therefore, the characteristics of Quaternary volcanoes in the
YMR are used to define the distributions for the characteristics of future volcanic events (BSC
2004 [DIRS 169980]). The assumption that each volcano is associated with a conduit is
consistent with the description of the eruptive process for YMR volcanoes described in the
scientific analysis report Characterize Eruptive Processes at Yucca Mountain, Nevada (BSC
2004 [DIRS 169980]). Volcanoes were also used by the PVHA experts as indicators of the
occurrence of past volcanic events.

Use in the Analysis: This assumption is used in Appendix C to derive distributions for the
number of eruptive centers per volcanic event and the average spacing between eruptive centers.

Confirmation Status: This assumption needs no further confirmation.

ANL-MGR-GS-000001 REV 02 5-1 October 2004



Characterize Framework for Igneous Activity at Yucca Mountain, Nevada

5.2 ALL VOLCANIC EVENTS PRODUCE AT LEAST ONE ERUPTIVE CENTER

Assumption: Each hypothetical volcanic event for which the associated dike intersects the
repository has at least one eruptive center located somewhere along the length of the dike.

Basis: This assumption is reasonable on the basis of the PVHA expert panel’s general belief that
magma that ascends to within a few hundred meters of the surface will produce a surface
manifestation of the volcanic event (CRWMS M&O 1996 [DIRS 100116],
Appendix E, pp. RC-10, BC-6, WD-6, WH-6, MK-12). The assumption is conservative because
the PVHA experts allowed for the possibility that not all past volcanic events reached the surface
in assessing the rate of volcanic events. The rate of volcanic events used to compute the
frequency of intersection of the repository footprint by a dike was obtained by multiplying the
rate based on past volcanic events with observed surface manifestations by a hidden events factor
greater than or equal to 1.0. The hidden events factor was used by the PVHA experts to account
for past volcanic events that may not have reached the surface, but did ascend high enough in the
crust to reach the level of the repository. The hidden event factors assessed by the PVHA
experts ranged from 1.0 to 5.0 with a composite mean value of approximately 1.4. Assuming all
future volcanic events will produce an eruptive center produces the maximum rate of eruptive
center occurrence.

Use in the Analysis: This assumption is used in Appendix C to develop distributions for the
number of eruptive centers per volcanic event and in Section 6.5.2.2 in the computation of the
conditional distribution for number of eruptive centers within the repository.

Confirmation Status: The assumption is consistent with the expert panel’s general
consideration that magma ascending to within a few hundred meters of the surface would erupt
and need not be confirmed.

5.3 LOCATION OF ERUPTIVE CENTERS ALONG THE LENGTH OF A DIKE OR
DIKE SEGMENT

Assumption: The location of an eruptive center (a volcanic cone and associated conduit) along
the length of a dike or dike segment is defined by a uniform probability distribution.

Basis: A distribution for the location of eruptive centers along the length of the dike system
associated with a volcanic event was not assessed as part of the PVHA. Therefore, an
assumption about the form of this distribution is needed in order to complete the calculations in
this analysis report. The assumption of a uniform distribution is justified on the basis that it is
the minimum information assumption that maximizes the uncertainty in location of the eruptive
centers. Any other form of a probability distribution requires more information than the range of
possible locations (in this case, the end points of a dike or dike segment). The assumption is
conservative because it maximizes the probability for the occurrence of multiple eruptive centers
within the repository footprint (i.e., no clustering of eruptive centers on a dike segment falling
partly outside the repository footprint). The PVHA experts did assess the location of the dike
with respect to the volcanic event, typically specifying that the dike was most likely to be
centered on the volcanic event. An alternative for Assumption 5.3 would be to assume that the
assessed location of dikes relative to the volcanic event also applies to the location of eruptive
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centers along the length of a dike; i.e., that eruptive centers are most likely to occur at the center
of the dike. However, this alternative assumption imposes more information on the process than
the assumption of a uniform distribution and is expected to produce slightly lower hazard. In
addition, applying this alternative to the case of multiple eruptive centers during a single event is
not straightforward. Therefore, the assumption of a uniform distribution is considered to be
more appropriate.

Use in the Analysis: This assumption is used in Section 6.5.2.2 in the computation of the
conditional distribution for number of eruptive centers within the proposed repository.

Confirmation Status: The assumption does not need to be confirmed because it does not
impose any additional information beyond the length of the dike, which is obtained from the
PVHA experts’ interpretations. Furthermore, in this report an alternative assumption is used in
which the presence of the repository induces, with a probability of 1.0, the formation of at least
one eruptive center within the repository footprint, given an intersection by a volcanic event.
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6. SCIENTIFIC ANALYSIS

6.1 INTRODUCTION

In this report, a conceptual framework for volcanism at Yucca Mountain consistent with output
and results of the PVHA is described. This report describes how this framework and alternative
conceptual frameworks influence the results of estimations of the probability of dike intersection
and volcanic eruption at the proposed geologic repository at Yucca Mountain.

This report summarizes and extends the findings of the PVHA (CRWMS M&O 1996
[DIRS 100116]). For the PVHA, an expert panel was convened in 1995 to review all pertinent
data relating to volcanism at Yucca Mountain and based on these data, to quantify both the
annual probability and associated uncertainty of a volcanic event intersecting a proposed
repository sited at Yucca Mountain. The data the experts reviewed was comprehensive,
consisting of two decades of data collected by volcanologists who conducted studies to quantify
the probability that a future volcanic eruption would disrupt the proposed repository (e.g.,
CRWMS M&O 1998 [DIRS 105347] and references therein). This report also describes the
relationship between volcanic source zones defined in the PVHA and the current understanding
of structural controls on volcanism in the YMR.

The results of the PVHA are a set of alternative models for assessing the volcanic hazard at
Yucca Mountain, probabilities that each model is the appropriate model, and probability
distributions for the parameters of the models. As such, the PVHA defines the scientific
uncertainty in applying models to assess the volcanic hazard. The PVHA experts documented
the basis for their assessments of the validity of the alternative models in Probabilistic Volcanic
Hazard Analysis for Yucca Mountain, Nevada (CRWMS M&O 1996 [DIRS 100116],
Appendix E). Therefore, the results of the PVHA are considered valid for assessing the
uncertainty in the volcanic hazard at Yucca Mountain.

In the context of the PVHA, the volcanic hazard is defined as the annual frequency of
intersection of the repository by a volcanic event. A volcanic event was defined in the PVHA to
be a spatially and temporally distinct batch of magma ascending from the mantle through the
crust as a dike or system of dikes (CRWMS M&O 1996 [DIRS 100116], Appendix E). For the
purposes of the probability models developed in the PVHA and discussed in this report, a
volcanic event is defined as a point (x,y) in space representing the expected midpoint of the dike
system involved in the magma ascent. The dike system associated with the volcanic event is
represented in probability model by a line element defined in terms of a length, azimuth, and
location relative to the point event. The term “dike length” used in the PVHA and in this report
when discussing volcanic events, refers to the total length of the dike system associated with the
volcanic event. The phrase “intersection of the repository footprint by a dike” refers to
intersection of the emplacement area of the repository by the line element representing the dike
system associated with the volcanic event. The possibility that a dike system (e.g., multiple
dikes) has width or consists of multiple parallel dikes does not significantly affect the
intersection probability and is not part of the calculations in this report. Both the width of the
dikes and the number of parallel dikes affect the consequences of an intersection and are
included in the consequence analyses presented in Number of Waste Packages Hit by Igneous
Intrusion (BSC 2004 [DIRS 170001]).
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Based on the PVHA outputs and assumptions in Section 5 of this report, probability distributions
are developed for the length and orientation of intersecting dikes within the repository footprint
and for the number of eruptive centers located within the repository footprint (conditional on a
dike intersecting the repository). Lastly, the probability of dike intersection is recalculated based
on the 2003 repository footprint (BSC 2003 [DIRS 162289]) and the probability of an eruptive
center(s) forming within the repository footprint is calculated (the latter is a calculation that was
not included in the PVHA).

The analysis presented in this report is based on the volcanic hazard model developed in the
PVHA (CRWMS M&O 1996 [DIRS 100116]). Therefore, the computational methods and
software used to perform the analysis are based on the original software developed to implement
the PVHA hazard model. Other software to implement the 1996 PVHA volcanic hazard model
does not exist.

6.1.1 Summary of Conceptual Model for Igneous Activity

This section provides a summary of the conceptual model for igneous activity near Yucca
Mountain. The conceptual model consists of three components, each related to an aspect of
igneous processes that may impact the repository. The three components are:

Igneous Framework—describes the igneous and tectonic history and features of the Yucca
Mountain region, and the assessment of the history and features by PVHA experts as a
basis to determine the probability of intersection of the repository by a volcanic event (this
report).

Igneous Processes—describes the physical processes expected to occur during a potential
future volcanic event (BSC 2004 [DIRS 169980]; BSC 2004 [DIRS 170001]; BSC 2003
[DIRS 168960]; BSC 2004 [DIRS 170028]; BSC 2004 [DIRS 170026]; BSC 2004
[DIRS 168504]).

Post-Igneous Processes—describes the surficial processes of erosion and deposition
expected to occur when a contaminated tephra sheet covers the landscape and is
redistributed following a potential future volcanic eruption through the repository
(BSC 2004 [DIRS 170026]).

6.1.1.1 Igneous Framework

Basaltic volcanism is the most common form of volcanism on earth and has occurred repeatedly
throughout the western United States over the past 5 million years (Perry etal. 1998
[DIRS 144335], Figure 4.1). Basaltic volcanoes, primarily scoria cones, generally form in
clusters of several, to several hundred volcanoes that define a volcanic field. In the western
United States, the largest basaltic volcanic fields erupted approximately 100 to 300 cubic
kilometers of lava, generally over periods of less than a few million years (Perry etal. 1998
[DIRS 144335], Figure 4.2). The larger volcanic fields tend to occur along the margins of major
physiographic provinces, such as the Colorado Plateau and Great Basin. Smaller-volume
volcanic fields of less than tens of cubic kilometers tend to occur within the interior of the Basin
and Range Province, including the interior of the Great Basin where Yucca Mountain is located.
Basaltic volcanism in the western United States is generally correlated with regions of
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extensional tectonics. It is not uncommon for relatively large-volume basaltic volcanism to be
spatially and temporally associated with regions of relatively high extension rate (Section 6.2 of
this report).

The earliest volcanism in the Yucca Mountain region was dominated by a major episode of
caldera-forming, silicic volcanism that occurred primarily between about 15 and 11 million years
ago, forming the southwestern Nevada volcanic field (Sawyer etal. 1994 [DIRS 100075]).
Silicic volcanism was approximately synchronous with a major period of extension, which
occurred primarily between 13 and 9 million years ago (Sawyer etal. 1994 [DIRS 100075],
Figure 4). Silicic volcanism has not occurred in the Yucca Mountain region in the last 7 or
8 million years and is not included as part of the igneous conceptual model. The commencement
of basaltic volcanism occurred during the latter part of the silicic caldera-forming phase as
extension rates waned. Small-volume basaltic volcanism has continued into the Quaternary as
part of a general decline in eruption volume over the past 11 million years (Perry et al. 1998
[DIRS 144335], Chapter 2).

Post-Miocene volcanism (younger than 5 million years) has occurred in six episodes in the
Yucca Mountain region, at approximately 4.8, 3.7, 3.1, 1.0, 0.4, and 0.08 million years ago, as
summarized in Figure 6-1 and Table 6-2 (Perry etal. 1998 [DIRS 144335] Table 2.B; Heizler
etal. 1999 [DIRS 107255]). The total eruption volume of the post-Miocene basalts is about
6 km®. The volume of individual episodes has decreased progressively through time, with the
three Pliocene episodes having volumes of approximately 1to 3km® each and the three
Quaternary episodes having a total volume of only about 0.5km® (Perry et al. 1998
[DIRS 144335], Table 3.1). The Quaternary volcanoes are of small volume (about 0.1 km® or
less) and typically consist of a single main scoria cone surrounded by a small field of aa basalt
flows, which commonly extend about 1 km from the scoria cone (Section 6.2 of this report).

In addition to surface exposures of basaltic volcanism, several magnetic anomalies in the
Amargosa Desert identified in aeromagnetic surveys conducted in the early 1990s have
characteristics that indicate buried basaltic volcanic centers (Langenheim etal. 1993
[DIRS 148622], p. 1840). One of these anomalies ([DIRS 148622], Anomaly B of Langenheim
et al. 1993), was drilled and basalt cuttings were dated at 3.85 million years using the “’Ar/*Ar
method (CRWMS M&O 1998 [DIRS 105347], Chapter 2, Table 2.B). A more recent survey
conducted by the USGS in 1999 (O’Leary et al. 2002 [DIRS 158468]) suggests the possibility of
additional buried volcanic centers. Results of sensitivity studies indicate these data do not
significantly impact the results of the PVHA (Section 6.5.4.1 of this report).

The decreased eruptive volume through time, together with geochemical evidence (Perry et al.
1998 [DIRS 144335], p. 4-8), indicates that the intensity of mantle melting processes that
produce basaltic magma beneath the Yucca Mountain region has waned over the past 5 million
years (Perry and Crowe 1992 [DIRS 106488], p. 2359). Considered in terms of total eruption
volume, frequency of eruptions, and duration of volcanism, basaltic volcanic activity in the
Yucca Mountain region in the past 5 million years defines one of the least active basaltic
volcanic fields in the western United States (CRWMS M&O 1998 [DIRS 105347], Figure 4-2).
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The probability of intersection of the repository footprint by a volcanic event depends on the
recurrence rate of volcanic events multiplied by the likelihood that a volcanic event will intersect
the repository (CRWMS M&O 1996 [DIRS 100116], Section 3.1.1). Because volcanic events
have occurred very infrequently on average in the past 5 million years (every few hundred
thousand years), recurrence rates for volcanic events are proportionally low (107 to 10°° events
per year). The low recurrence rate of volcanism in the Yucca Mountain region is the primary
reason that the probability of intersection is extremely low, with a mean of 1.7 x 10°®
intersections per year (Section 6.5.3.1 of this report), or approximately one in 6,000 over the
10,000-year performance period of the repository. The probability that a volcano will erupt
through the repository is conditional on dike intersection and is slightly less than the probability
of dike intersection (mean of 1.3 x 10°® eruptions per year) (Section 6.5.3.2 of this report),
because a volcano may not necessarily erupt at a location along the length of an intersecting dike
that lies within the repository footprint (Section 6.5.1.3 of this report).

Post-Miocene volcanoes of different ages in the Yucca Mountain region are spatially clustered
(Figure 6-1). Clustering of volcanism is potentially significant to probability models because it
indicates spatial control on location of past volcanism that may predict the location of future
volcanism. The most significant clustering of post-Miocene volcanism occurs in the Crater Flat
structural domain (Fridrich etal. 1999 [DIRS 107333), both in terms of number of episodes
(three of six post-Miocene episodes) and proximity to Yucca Mountain (Figure 6-1). Two of the
three episodes of Quaternary volcanism, including the youngest episode at Lathrop Wells, occur
within the Crater Flat structural domain, as does the repository. The structural and geophysical
features of the domain and the extent to which they influence the location of volcanism within
the domain were key factors in conceptual models of volcanism and assessments of the
probability of volcanic disruption of the repository.

Structural data indicate that the southwestern part of the Crater Flat domain is more extended
than the northeastern part of the domain (Fridrich 1999 [DIRS 118942]; Fridrich et al. 1999
[DIRS 107333]). Post-Miocene basaltic centers of the Crater Flat domain lie within the extended
southwestern part of the domain. The youngest volcano in the Crater Flat domain, the 80
thousand years ago (ka) Lathrop Wells volcano, lies within the most active site of late
Quaternary faulting in the Crater Flat domain (Fridrich etal. 1999 [DIRS 107333], p. 211).
Thus, a close spatial and temporal relationship exists between sites of extension and volcanism
throughout the Crater Flat domain (Fridrich et al. 1999 [DIRS 107333], p. 211). The restriction
of three episodes of post-Miocene volcanism to the more extended part of the Crater Flat domain
suggests that volcanism is less likely to occur at Yucca Mountain, which lies outside of the more
extended part in an area where no post-Miocene volcanism has occurred (Fridrich etal. 1999
[DIRS 107333], p. 210, Figure 17a). The PVHA experts recognized the close association
between volcanism and areas of maximum extension in the Yucca Mountain region (CRWMS
M&O 1996 [DIRS 100116], pp. RC-5, BC-12, AM-5, MS-2, GT-2). Subsequent geologic and
geophysical studies provide corroborative evidence that areas of maximum extension in the
Crater Flat domain correspond closely to volcanic source zones defined in the PVHA
(Stamatakos et al. 1997 [DIRS 138819]; Brocher et al. 1998 [DIRS 100022]; Fridrich et al. 1999
[DIRS 107333]).
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Figure 6-1. Location and Age of Post-Miocene (less than 5.3 million years (m.y.)) Volcanoes (or Clusters
Where Multiple Volcanoes Have Indistinguishable Ages) in the Yucca Mountain Region
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6.1.1.2 Igneous Processes

The formation of a volcanic event in the Yucca Mountain region begins with ascent of magma
from the mantle source as a dike (magma-filled crack). During magma ascent and
decompression, volatile gases, such as H,O and CO, escape, increasing the volume of the
magma. This resulting volume expansion drives the basaltic magma upward through the upper
few kilometers of crust. Because volatiles are concentrated near the crack tip of the ascending
magma, the start of volcanism is typically characterized by pyroclastic eruptions (volcanic
explosions and aerial expulsion of clastic rock from a volcanic vent) of gas-rich magma. Based
on analogue studies, the concentration of volatile species in basalts of the Yucca Mountain
region is likely to range from 1 to 3 wt %, or more (BSC 2004, [DIRS 169980], Section 7). This
range is higher than in most alkali (sodium or potassium-rich) basalt magmas, possibly because
the volatile species originated in small percentages of partial melt of a hydrous lithospheric
mantle source. The incompatible-element-enriched nature of these alkali basalts relative to other
alkali basalts in the western United States is consistent with this conclusion (BSC 2004
[DIRS 169980], Sections 6.3.2 and 6.3.3).

Basaltic magma is transported from a region of melting in the mantle to the surface through
dikes. In the Yucca Mountain region, dikes are typically 1 to 2 m in width and have an average
length of 4 km (CRWMS M&O 1996 [DIRS 100116]). The longest expected dike length in the
Yucca Mountain region is about 10 km. Based on the regional stress field of the upper crust,
dikes are expected to have an orientation that centers on N30°E, although other orientations are
possible and are observed within the region (BSC 2004, [DIRS 169980], Section 6.3).

Although an ascending dike could be influenced by topographic or thermal-mechanically
induced stress, the model described here assumes that the dike propagates through the repository
(BSC 2004 [DIRS 170028], Section 6.3.9.2.2.2). As the dike approaches the level of the drifts,
the crack tip advances ahead of the magma front and will intersect the repository drifts first.
When the magma front within the dike reaches the level of the repository, magma will be
available to flow into drifts. There are two possibilities for the behavior of the magma as it
approaches the drifts. One is that the magma steadily releases gas into the host rock as it
approaches the drifts so that a relatively gas-poor magma flows effusively into the drifts. A
more likely scenario, based on analogue studies of historic eruptions, is that the initial magma
encountering the drifts will be gas-rich, resulting in pyroclastic flow into the drifts. In either
case, the dike tip will precede the magma by several seconds to a few hours. Because the entry
of magma from the dike into the drift is not necessarily instantaneous with intersection, it is
unlikely that dike intersection will result in an abrupt explosion into the drift (BSC 2004
[DIRS 170028]). At the analogue Paricutin volcano, the initial crack broke the surface several
hours before the first manifestation of weak pyroclastic eruptions began (BSC 2004
[DIRS 170028]).

The most likely scenario following dike intersection of repository drifts is that the dike continues
to follow the path established by the dike tip and erupts to the surface without being influenced
by the presence of the repository. An alternative scenario is that the lateral diversion of magma
into drifts results in sufficient pressurization of drifts to propagate a dike to the surface at a
location some distance from the site of the initial dike intersection. This scenario could
potentially lead to more waste entrained during an eruption compared to the case of conduits
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developed only above the site of initial dike intersection. The amount of waste potentially
entrained in this scenario would depend on the length of drifts that transport magma to the site of
the down-drift dike, assuming the magma is able to incorporate and transport waste.

The rate and degree to which an intersected drift fills with magma depends on variables, such as
magma rise rate, magma viscosity, and the nature (effusive or pyroclastic) of the flow into the
drifts (BSC 2004 [DIRS 170028]). Magma rise rates are assumed to range between 1 and
10 m/s, while viscosities are assumed to range between 10and 100 Pa-s (BSC 2004
[DIRS 169980]).

The potential ascent of dikes and the formation of conduits at Yucca Mountain has been
analyzed relative to the configuration of the repository, which consists of approximately one
hundred waste-emplacement drifts of 5-m diameter, spaced about 80 m apart and encompassing
a total area of approximately 5 km®. The number of waste-emplacement drifts intersected would
depend on the orientation of a dike system intersecting the repository, the number of dikes in a
dike swarm, and the lengths of the dikes lying within the repository footprint.

Formation of a volcano begins with a fissure eruption as a dike or dike swarm intersects the
surface (BSC 2004 [DIRS 169980]). The formation of a basaltic volcano is complex with total
eruption durations typically ranging from weeks to months and possibly years. During the
eruption, activity includes effusion of gas-poor lava flows and explosive, gas-rich pyroclastic
eruptions. Both types of eruptions can occur simultaneously or in alternating cycles that include
periods of inactivity (BSC 2004 [DIRS 169980], Section6.4). Intrusive processes
simultaneously occur in the subsurface. Analogue studies of shallowly eroded volcanoes in the
Yucca Mountain region demonstrate that subsurface intrusive processes may include the
formation of multiple dikes (dike swarm) and sills (horizontal emplacement of magma into the
host rock). Evolution of the intrusion beneath an erupting volcano can also lead to changes in
the location or migration of eruptive vents during the period of eruption (BSC 2004
[DIRS 169980], Sections 6.3.1 and 6.3.3).

At a relatively early stage of the eruption, the fissure eruption localizes to one or more conduits
that transport magma to the surface for the remainder of the eruption. Conduit formation
provides a mechanism to transport waste to the surface. The physical processes that would
influence the exact location of a conduit within the repository (e.g., at drifts or within pillars)
depend on multiple complex factors. Conduit localization is assumed to be random along the
length of a given dike (BSC 2004 [DIRS 169980], Section 6.3.1.1). Conduit diameters are
typically a few tens of meters. A value of 150 m is used in the TSPA-LA as an upper bound for
conduit diameter. Basalt conduit depths probably reach several hundred meters and are assumed
in this model to reach the depth of the repository to allow interaction with waste emplacement
drifts (BSC 2004 [DIRS 169980], Sections 6.3.3 and 6.3.1).

Magma flux through the conduit during explosive phases of the eruption typically varies from
approximately 10* kg/s for normal Strombolian (eruption of ballistic magma fragments) activity
to approximately 10° kg/s for violent Strombolian (sustained eruption column producing an ash
plume) activity (BSC 2004 [DIRS 169980], Section 6.3). Commonly, high magma flux and
explosive eruptions occur during the early stage of the eruption, with an increase in effusive
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(lava flows) activity as the eruption proceeds. At Lathrop Wells, however, field observations
indicate that early volcanism was Strombolian, followed by violent Strombolian eruptions.

Lathrop Wells is one of eight small-volume (about 0.01 km?® to 0.1 km®) basaltic volcanoes that
formed during the Quaternary within 50 km of Yucca Mountain (Figure 6-1). Based on
observations of preserved eruptive deposits, these volcanoes share a similar eruptive history of a
pyroclastic phase that led to the formation of a main scoria cone and effusion of aa lava flows.
The scoria cone and lava flow deposits, excluding tephra fall from violent eruptions, typically
cover a few square kilometers. The fundamental similarity of all Quaternary volcanoes in the
YMR suggests that a future volcano that could potentially disrupt the repository will share these
same characteristics (BSC 2004 [DIRS 169980], Section 6.3.3).

A violent Strombolian eruption is the most energetic eruption expected in the Yucca Mountain
region (BSC 2004 [DIRS 169980]; BSC 2004 [DIRS 170026]). These eruptions involve a
sustained, vertical eruption column (a gas-particle jet) that propels the tephra to heights of
several kilometers above the scoria cone. The tephra plume eventually reaches a level of neutral
buoyancy in the atmosphere, spreads laterally as an anvil cloud, and is transported downwind.
Tephra particles fall out of the vertical eruption column and the anvil-shaped cloud. The
atmospheric dispersal and deposition of the fine tephra forms a sheet-like deposit of volcanic ash
characterized by decreasing thickness and grain size with distance from the volcano. Tephra
deposits might extend 10 km or more from the volcano and cover several hundred square
kilometers (BSC 2004 [DIRS 169980], Section 6.3.3). In the TSPA-LA, only the violent
Strombolian phase of volcanism is modeled for atmospheric dispersal because this is the only
mechanism for the ash column to reach the heights necessary to deposit ash 18 km downwind
from the volcano to the location of the RMEI (BSC 2004 [DIRS 169980], Sections 6.3.3.4.1
and 6.3.3.4.3).

If a dike intersects the repository, waste packages can be disrupted by magma entering the
emplacement drifts and contacting the waste packages (intrusion case), or by direct entrainment
of waste packages within conduits to the surface (eruption case). In the intrusion case, the
number of packages disrupted depends on the number of emplacement drifts filled by magma,
which is conditional on the number of drifts intersected by dikes. For the eruption case, the
number of packages disrupted depends on the diameter and number of conduits that form within
the repository footprint (BSC 2004 [DIRS 170001], Section 6.4).

If magma fills a drift, post-emplacement processes become important (BSC 2004
[DIRS 170028]). Magmatic volatiles are expected to degas from the cooling magma within the
intruded drift and infiltrate the tuff host rock. Thermal energy from the cooling magma would
also be transferred into the host rock (BSC 2004 [DIRS 170028], Section 6.9).

6.1.1.3 Post-lgneous Processes

After the deposition of a violent Strombolian tephra sheet, volcanic ash is subject to
redistribution by normal sedimentary processes (erosion and deposition) (BSC 2004
[DIRS 170026]). A hypothetical violent Strombolian eruption through the repository would
produce tephra dispersed to the northeast, blanketing part of the Fortymile Wash drainage system
with particles less than 2 mm in size (BSC 2004 [DIRS 170026], Section 6). Redistribution of
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the tephra would be dominated by southward fluvial transport in Fortymile Wash. Tephra
deposited on slopes would be moved downslope as small debris flows, eventually reaching a
distributary channel at the base of a slope. The general result is downstream movement of
tephra-bearing sediment that is progressively diluted and dispersed. This mixing and dilution of
the sedimentary components from the drainage system occurs in environments where sediment is
transported by water or wind. Such mechanisms might transport contaminated ash to the RMEI,
even if the original volcanic eruption did not deposit tephra at the reasonably maximally exposed
location.

6.1.2 Features, Events, and Processes

Table 6-1 describes the features, events, and processes (FEPS) that are included in the TSPA-LA
through the use of the results of the analysis described in this document. The complete set of
FEPs is contained in DTN: MOO0407SEPFEPLA.000 [DIRS 170760]. This analysis report
addresses the annual frequency (essentially equivalent to annual probability) of the events
addressed by the FEPs. The effects of these events are addressed by the reports described in
Section 6.1.1.2.

Table 6-1. Included Features, Events, and Processes for This Scientific Analysis Report

FEP Number FEP Name Relevant Section
1.2.04.03.0A Igneous intrusion into Section 6.5 describes the
repository calculation of the annual

frequency of igneous
intrusion into the repository

1.2.04.06.0A Eruptive conduit to surface | Section 6.5 describes the
intersects repository calculation of the annual
frequency of intersection of
the repository by an
eruptive conduit

6.1.3 Summary of Output Data
The primary output data of this analysis are contained in the following two data sets:

e OQutput DTN: LA0302BY831811.001 contains the computed distribution for frequency
of intersection of the repository footprint by a basaltic dike and the conditional
distributions for the length and azimuth of intersecting dikes within the repository
footprint and conditional distributions for the number of eruptive centers. These outputs
are described in Section 6.5.3.1 and 6.5.3.2.

e OQutput DTN: LA0307BY831811.001 contains the distribution for the frequency of
intersection of the repository in a modified format appropriate for submittal to TSPA.
File PVHA-4P.DST (Output DTN: LA0302BY831811.001) was modified by adding a
zero point and by eliminating a few intermediate points that did not result in a
perceptible increase in the cumulative probability distribution. The resulting modified
file, PVHA-4PA.DST in Output DTN: LA0307BY831811.001, conforms to the TSPA
requirement for a monotonic increase in an input discrete probability distribution.
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Output DTN: LA0307BY831811.001 also contains data presented in summary tables in
Section 6.5.3 and 7.1.

The output data in these two output DTNSs are based on the 2003 repository footprint (BSC 2003
[DIRS 162289]) and are to be used as input to revisions of the Number of Waste Packages Hit by
Igneous Intrusion report (BSC 2004 [DIRS 170001]), and as inputs to the TSPA-LA. These data
were computed during REV 01 of this report (BSC 2003 [DIRS 163769]) and have not changed
from that revision.

In addition, there are three other data sets associated with this analysis report:

e Output DTN: LA0303BY831811.001 contains the repository footprint polygon
developed in Appendix B and data used to generate figures and tables in Section 6 of
this report. The data files are referenced by the figure and table numbers in REV 01 of
this report (BSC 2003 [DIRS 163769]).

e Output DTN: LAOO09FP831811.001 contains the data files for the PVHA 1996
volcanic hazard model used as input to the calculations and data used to generate some
figures in Section 6 and Appendix C. This DTN also contains output files from Rev 0 of
this report based on earlier repository designs.

e Output DTN: LAOO09FP831811.004 contains additional data from Appendix C and
output files from Rev 0 of this report based on earlier repository designs.

Section 6.5.4 presents sensitivity analyses conducted to assess the impact of recent data and
proposed models for volcanic event locations. The results of these sensitivity studies are for
information only and are not to be used for purposes of assessing repository performance. They
were conducted with non-qualified input data and non-qualified software.

6.2 VOLCANIC HISTORY OF THE YUCCA MOUNTAIN REGION

Because several Quaternary basaltic volcanoes exist within 20 km of the proposed Yucca
Mountain repository (Figure 6-1), volcanism must be assessed as a possible future disruptive
event in TSPA. Two major types of volcanism have occurred in the YMR: an early phase of
Miocene silicic volcanism, the recurrence of which is considered extremely unlikely in the next
million years, and a more recent phase of Miocene and post-Miocene basaltic volcanism that
indicates recurrence of volcanism somewhere in the YMR is likely (Reamer 1999
[DIRS 119693], p. 5).

The earliest volcanism in the YMR was dominated by a major episode of caldera-forming, silicic
volcanism that occurred primarily between approximately 15 and 11 m.y., forming the
southwestern Nevada volcanic field (Sawyer et al. 1994 [DIRS 100075]). Silicic volcanism was
approximately coincident with a major period of extension, which occurred primarily between
13 and 9 m.y. (Sawyer et al. 1994 [DIRS 100075], Figure 4). Yucca Mountain is an uplifted,
erosional remnant of voluminous ash-flow tuff deposits formed during the early phase of silicic
volcanism.

ANL-MGR-GS-000001 REV 02 6-10 October 2004



Characterize Framework for Igneous Activity at Yucca Mountain, Nevada

The commencement of basaltic volcanism occurred during the latter part of the caldera-forming
phase, as extension rates waned, and small-volume basaltic volcanism has continued into the
Quaternary. In terms of eruption volume, the 15 m.y. history of volcanism in the YMR is
viewed as a magmatic system that peaked between 13 and 11 m.y. with the eruption of over
5000 km® of ash flow tuffs and has been in decline since, with relatively minor volumes of basalt
erupted since 11 m.y. ago (CRWMS M&O 1998 [DIRS 100129], Figure 3.9-2). Approximately
99.9 percent of the volume of the southwestern Nevada volcanic field erupted by about 7.5 m.y.
ago with the eruption of tuffs from the Stonewall Mountain volcanic center, which is the last
active caldera system of the southwestern Nevada volcanic field. The last 0.1 percent of eruptive
volume of the volcanic field consists entirely of basalt erupted since 7.5 m.y. ago (CRWMS
M&O 1998 [DIRS 100129], Figure 3.9-5). Considered in terms of total eruption volume,
frequency of eruptions, and duration of volcanism, basaltic volcanic activity in the YMR defines
one of the least active basaltic volcanic fields in the western United States (e.g., CRWMS M&O
1998 [DIRS 105347], Chapter 4, Figure 4-2, for post-Miocene basalts of Crater Flat).

Post-caldera basalts in the YMR can be divided into two episodes: Miocene (eruptions between
approximately 9 and 7.3 m.y.) and post-Miocene (eruptions between approximately 4.8 and
0.08 m.y.). The time interval of about 2.5 m.y. between these episodes is the longest eruptive
hiatus of basalt in the YMR during the last 9 m.y. (CRWMS M&O 1998 [DIRS 105347],
Chapter 3, Table 3.1). This eruptive hiatus also marks a distinct shift in the locus of post-caldera
basaltic volcanism in the YMR to the southwest (CRWMS M&O 1998 [DIRS 100129],
Figure 3.9-6). The Miocene basalts and post-Miocene basalts are thus, both temporally and
spatially distinct. This observation emphasizes the importance of considering the age and
location of the post-Miocene basalts (approximately the past 5 m.y. of the volcanic history of the
YMR) when calculating the volcanic hazard to the proposed Yucca Mountain repository. The
PVHA experts almost exclusively considered the time period of interest to be post—5 m.y. (with
significant weight given to the post—1 m.y. period) as the time period of interest in assessing
volcanic hazard at Yucca Mountain (CRWMS M&O 1996 [DIRS 100116], Figure 3-62).

The post-Miocene basalts formed during at least six episodes of volcanism (based on age
groupings) that occurred within 50 km of the proposed Yucca Mountain repository (Figure 6-1).
These six episodes, in order of decreasing age, consist of the:

Basalt of Thirsty Mesa

Pliocene Crater Flat and Amargosa Valley

Buckboard Mesa

Quaternary Crater Flat

Hidden Cone and Little Black Peak (the Sleeping Butte centers)
Lathrop Wells.

Three basalt episodes are in, or near the Crater Flat topographic basin within 20 km of Yucca
Mountain. Several aeromagnetic anomalies in the Amargosa Valley have characteristics that
indicate buried basaltic volcanic centers (Langenheim et al 1993 [DIRS 148622], p. 1840). One
of these anomalies (Anomaly B of Langenheim et al. 1993 [DIRS 148622]) was drilled and
basalt cuttings were dated at 3.85 m.y. using the “°Ar/*Ar method (CRWMS M&O 1998
[DIRS 105347], Chapter 2, Table 2.B). Because of the similarity in age to the 3.75 m.y. Pliocene
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Crater Flat episode, the buried basalts of Amargosa Valley are considered here as part of the
same episode.

The total eruption volume of the post-Miocene basalts is about 6 km®. The volume of individual
episodes has decreased progressively through time with the three Pliocene episodes having
volumes of approximately 1 to 3 km® each and the three Quaternary episodes having a total
volume of only approximately 0.5 km® (CRWMS M&O 1998 [DIRS 100129], Figure 3.9-2;
Table 3-3). All of the Quaternary volcanoes are similar because they are of small volume
(approximately 0.1 km? or less, Table 6-2) and typically consist of a single main scoria cone
surrounded by a small field of aa basalt flows, which commonly extend approximately 1 km
from the scoria cone.

Table 6-2. Estimated Volume and “°Ar/*°Ar Age® of Quaternary Volcanoes in the Yucca Mountain

Repository

Volcano Volume (km®)° Volume (km®)° Age (m.y.)'
Makani Cone 0.006 1.16—1.17
Black Cone 0.105 0.07° 0.94—1.10
Red Cone 0.105 0.92—1.08
Little Cones 0.002 >0.01%¢ 0.77—1.02
Hidden Cone 0.03 0.32—0.56
Little Black Peak 0.03 0.36—0.39
Lathrop Wells Cone 0.14 0.086° 0.074—0.084

DTNs: LAO004FP831811.002 [DIRS 149593]; LAFP831811AQ97.001 [DIRS 144279] (both are used for

reference only).

% 40Ar/39Ar dates provide the most complete and self-consistent chronology data set for Quaternary volcanoes
of the YMR. A full discussion of other chronology methods used to date basaltic rocks in the YMR can be
found in CRWMS M&O (1998 [DIRS 105347], Chapter 2). Other chronology methods may not provide
consistent or accurate estimates of the time of eruption.

® CRWMS M&O (1998 [DIRS 105347], Chapter 3, Table 3.1), (DTN: LAO004FP831811.002 [DIRS 149593]).

¢ Stamatakos et al. (1997 [DIRS 138819], p. 327).

¢ Accounts for volume of buried flows detected by ground magnetic surveys.

¢ BSC (2004 [DIRS 169980]), Table C-18), (DTN: LA0305DK831811.002 [DIRS 164026]). Minimum volume
based on calculated volume of fall sheet, cone, and flows.

f Range of ages from CRWMS M&O (1998 [DIRS 105347], Chapter 2, Table 2.B). Lathrop Wells ages (Heizler
et al. 1999 [DIRS 107255], Table 3) represent the range of plateau ages measured, except for sample LW157,
a statistical outlier (DTN: LAFP831811AQ97.001 [DIRS 144279)).

The seven or eight (if Little Cones is counted as two volcanoes) Quaternary volcanoes in the
YMR occur to the south, west, and northwest of Yucca Mountain in a roughly linear zone
defined as the Crater Flat VVolcanic Zone (Crowe and Perry 1990 [DIRS 100973], p. 328). Five
of seven Quaternary volcanoes are in or near Crater Flat and lie within 20 km of the Yucca
Mountain site (Figure 6-1). Models that attempt to relate volcanism and structural features in the
YMR have emphasized the Crater Flat basin because of the frequency of volcanic activity
associated with Crater Flat and its proximity to the proposed Yucca Mountain repository
(e.g., Smith et al. 1990 [DIRS 101019], p. 84; Connor and Hill 1995 [DIRS 102646], p. 10122).
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6.3 THE PROBABILISTIC VOLCANIC HAZARD ANALYSIS

In 1995 to 1996, the DOE sponsored the PVHA project to assess the probability of a future
volcanic event intersecting the proposed repository at Yucca Mountain. To ensure that a wide
range of approaches was considered for the PVHA, the DOE identified 10 experts in the field to
participate in the project and evaluate the data. Their evaluations (elicitations) were then
combined to produce an integrated assessment of the volcanic hazard that reflects a range of
alternative scientific interpretations. This assessment, which focused on the volcanic hazard at
the site expressed as the probability of intersection of the proposed repository by a basaltic dike,
provided input to an assessment of volcanic risk.

6.3.1 The Probabilistic Volcanic Hazard Analysis Process

The major procedural steps in the PVHA were selecting the expert panel members, identifying
the technical issues, eliciting the experts’ judgments, applying temporal and spatial aspects of
probability models, and compiling and presenting the results.

6.3.1.1  Selecting the Expert Panel Members

From more than 70 nominees, 10 individuals were selected to participate in the PVHA project.
Efforts were made to balance the panel with respect to technical expertise (geology,
geochemistry, and geophysics) and institutional/organizational affiliation. The 10 experts and
their affiliations are listed in Table 6-3 (CRWMS M&O 1996 [DIRS 100116], Table 1-2).

Table 6-3. Probabilistic Volcanic Hazard Analysis Panel Members

Expert Abbreviation Affiliation
Dr. Richard W. Carlson RC Carnegie Institute of Washington
Dr. Bruce M. Crowe BC Los Alamos National Laboratory
Dr. Wendell A. Duffield WD United States Geological Survey, Flagstaff
Dr. Richard V. Fisher RF University of California, Santa Barbara (Emeritus)
Dr. William R. Hackett WH WRH Associates, Salt Lake City
Dr. Mel A. Kuntz MK United States Geological Survey, Denver
Dr. Alexander R. McBirney AM University of Oregon (Emeritus)
Dr. Michael F. Sheridan MS State University of New York, Buffalo
Dr. George A. Thompson GT Stanford University
Dr. George P. L. Walker GW University of Hawaii, Honolulu

Source: DTN: MO0002PVHA0082.000 [DIRS 148234].

6.3.1.2 Identifying Technical Issues

The PVHA panel of experts convened between February and December 1995. A technical
facilitator/integrator led carefully structured, intensive interactions among the panel members.
The experts participated in workshops, field trips, and other interactions that were used to
identify sources of agreement and disagreement among them. Each expert played the role of an
informed technical evaluator of data, rather than a proponent of a particular interpretation. On
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occasion, however, some experts were asked to present particular interpretations to facilitate
discussion and consideration of alternative interpretations. In all the interactions, it was made
clear that the purpose of the PVHA was to identify and understand uncertainty, not to eliminate
it. It was also emphasized that the purpose was not necessarily to achieve consensus. Instead,
disagreement was expected and accepted.

At the core of the PVHA project were four workshops. The primary objective of the workshops
was to ensure the experts’ understanding of the issues, alternative volcanic hazard models, and
the available data on which they would base their technical assessments. The first three
workshops focused on the data, volcanic hazard models, and interpretations relevant to the
PVHA. The workshops included presentations of data and interpretations by technical
specialists from the Los Alamos National Laboratory, the USGS, the University of Nevada,
Las Vegas, and the Center for Nuclear Waste Regulatory Analysis, as well as from some PVHA
experts. During the fourth workshop, the experts reviewed the preliminary assessments
developed by the panel members, after which the individual elicitations were revised, based on
feedback received. Two field trips held during the course of the PVHA provided the opportunity
for the panel members to observe geologic relationships pertaining to eruptive style, the
definition of volcanic events, and the distribution and timing of volcanic activity in the YMR.

6.3.1.3 Temporal and Spatial Aspects of Probability Models

Before the third PVHA workshop, an interactive meeting was held for the benefit of the expert
panel in order to focus on the methods available to calculate volcanic hazard. The methods were
used to calculate the two main aspects of volcanic hazard probability models: the temporal and
spatial aspects.

Temporal models describe the frequency of occurrence of volcanic activity and include
homogeneous and non-homogeneous models. Many of the experts used homogeneous Poisson
models to define the temporal occurrence of volcanic events, which assumes a uniform rate of
volcanism based on the number of volcanic events that occurred during various periods in the
past. Non-homogeneous models were used by some experts to consider the possibility that
volcanic events are clustered in time or to describe the possible waning or waxing of volcanic
activity in the region during the period of time the experts believed was relevant to hazard
analysis.

Spatial models describe the spatial distribution (location) of future volcanic activity. The most
common PVHA models considered the future occurrence of volcanoes to be homogeneous
within particular defined regions or “source zones” (CRWMS M&O 1996 [DIRS 100116],
Figure 3-62). Source zones were defined based on several criteria: the spatial distribution of
observed basaltic volcanoes (especially post-5 m.y. volcanoes), structurally-controlled regions,
regions defined based on geochemical affinities, tectonic provinces, and other criteria.
Non-homogeneous parametric spatial distributions of future volcano occurrences were also
modeled (for example, a model was developed showing that the location of future volcanoes will
follow a bivariate Gaussian distribution based on the location of volcanoes in Crater Flat).
Finally, non-homogeneous, nonparametric spatial density models were used by some experts to
assess the spatial distribution of future volcanoes. These models make use of a kernel density
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function and smoothing parameter based on locations of existing centers to obtain the spatial
distribution for location of future volcanoes.

6.3.1.4  Eliciting the Experts’ Judgments

Formal elicitation followed the third workshop. The process consisted of a two-day individual
interview with each expert. To provide consistency, the same interview team was used for all
elicitations. Following the elicitation interview, each expert was provided with a written
summary of his elicitation, which was prepared by the interview team. The expert reviewed and
clarified the summary and had the opportunity to revise any assessments. To promote a full
understanding of each individual’s judgment, the preliminary assessments made by each member
of the expert panel were presented and discussed at the fourth workshop. Following this
workshop, each expert had a final opportunity to revise his assessments before the results of the
PVHA were finalized (CRWMS M&O 1996 [DIRS 100116], Appendix E).

6.3.1.5  Probabilistic Volcanic Hazard Analysis Results and Uncertainty

The product of the PVHA was a quantitative assessment of the probability of a volcanic event
intersecting the proposed repository and the uncertainty associated with the assessment
(CRWMS M&O 1996 [DIRS 100116], Figure 4-32). Specifically, a probability distribution of
the annual frequency of intersection of a basaltic dike with the repository footprint was defined.
The contributions to uncertainty from each of the PVHA components are described in
Probabilistic Volcanic Hazard Analysis for Yucca Mountain, Nevada (CRWMS M&O 1996
[DIRS 100116], Section 4.2).

Each of the 10 experts independently arrived at a probability distribution for the annual
frequency of intersection of the repository footprint by a dike that typically
spanned approximately 2 orders of magnitude (CRWMS M&O 1996 [DIRS 100116],
Figure 4-31).  From these individual probability distributions, an aggregate probability
distribution for the annual frequency of intersection of the repository footprint by a dike was
computed that reflected the uncertainty across the entire expert panel (CRWMS M&O 1996
[DIRS 100116], Figure 4-32). The individual expert’s distributions were combined using equal
weights to obtain the aggregate probability distribution. The mean value of the aggregate
probability distribution was 1.5-107 dike intersections per year, with a 90 percent confidence
interval of 5.4-10 *° to 4.9-10 8 (CRWMS M&O 1996 [DIRS 100116], p. 4-10). Note that these
values are updated in this report for the 2003 repository footprint (BSC 2003 [DIRS 162289]) in
Section 6.5.3.  The composite distribution spanned about three orders of magnitude for
intersection frequency. The range in the mean frequencies of intersection for the individual
expert’s interpretations spanned about one order of magnitude (CRWMS M&O 1996
[DIRS 100116], Figure 4-32). The variance for frequency of intersection defined by the
composite distribution was disaggregated to identify the contributions from each of the sources
of uncertainty, including variability between the experts’ interpretations (CRWMS M&O 1996
[DIRS 100116], Figure 4-33). Most of the uncertainty in characterizing the hazard arose from
uncertainty in an individual expert’s interpretations of the hazard rather than differences in
scientific interpretation between the experts (CRWMS M&O 1996 [DIRS 100116], p. 4-10,
Figure 4-33). The probability distribution arrived at by the PVHA accounted for undetected
events (buried volcanic events, or intrusive events that never reached the surface). The
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undetected event frequency ranged from 1 to 5 times that of observed events, with most
estimates in the range of 1.1 to 1.5 (CRWMS M&O 1996 [DIRS 100116], Figure 3-62).

The PVHA results indicated that the statistical uncertainty in estimating the event rate was the
largest component of intra-expert uncertainty (CRWMS M&O 1996 [DIRS 100116],
Figure 4-33). The next largest uncertainty was uncertainty in the appropriate spatial model.
Other important spatial uncertainties included the spatial smoothing distance, Gaussian field
parameters, zonation models, and event lengths. The temporal issues of importance included the
time period of interest, event counts at a particular center, and the frequency of hidden events
(CRWMS M&O 1996 [DIRS 100116], Figure 4-33).

6.3.1.6  Consideration of Alternative Conceptual Models

The PVHA was in essence an exercise in combining multiple alternative conceptual models into
a single distribution that captured the uncertainty in the expert’s conceptual models of the
physical behavior of volcanism in the YMR. Alternative conceptual models incorporated into
the results of the PVHA consisted primarily of alternative temporal and spatial models that
describe expected behavior (based on past behavior) of volcanism in the YMR. No single
base-case conceptual model is appropriate in the area of volcanism because the underlying
physical processes that control the precise timing and location of volcanic events within a
particular region remain largely unknown to science.

Although numerous alternative conceptual models were incorporated in the PVHA, several
alternative models not considered in the PVHA have emerged since the PVHA was completed in
1996. These models are summarized in Table 6-4 and are discussed in the following section.

Table 6-4. Alternative Conceptual Models Not Considered in the Probabilistic Volcanic Hazard Analysis

Alternative Models Key Conclusions Assessment
Anomalous strain rate in the Anomalously high current strain Not considered plausible based on later
YMR (Wernicke et al. 1998 rate based on GPS measurements from Savage et al.
[DIRS 103485]) measurements indicates volcanic | (1999 [DIRS 118952]) that show low
event rate may be strain rate as well as questionable
underestimated by factor of 10. assumptions about links between strain
rate and volcanic event rate.
Mantle hotspot beneath the Anomalously high mantle basalt Not considered plausible based on
YMR (Smith et al. 2002 source temperatures lead to weight of documented scientific
[DIRS 158735]) underestimation of future evidence showing that mantle hotspot is
volcanic event rate. not present beneath YMR (e.g., Farmer
et al. 1989 [DIRS 105284].
Tectonically weighted Weighting of certain tectonic Not considered plausible based on
probability models (Connor et elements in probability models observation that tectonically weighted
al. 2000 [DIRS 149935], lead to probability estimates as probability models are poor predictors
p. 427) high as 107, of location of volcanism in YMR
(Section 6.3.3 of this report).
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Table 6-4. Alternative Conceptual Models Not Considered in the Probabilistic Volcanic Hazard
Analysis (Continued)

Alternative Models Key Conclusions Assessment
Significant number of buried or | Aeromagnetic anomalies suggest | Significance of buried volcanoes on
undetected volcanic centers in | that significant number of probability estimates cannot be
the YMR (Hill and Stamatakos | volcanic events were assessed without further data collection
2002 [DIRS 159500]) unaccounted for in the PVHA, and update of the PVHA. Sensitivity
underestimating the volcanic studies documented in Section 6.5.4 of
hazard. this report are for information purposes
only. The results of the 1996 PVHA, as
summarized in Section 7.1 of this
report, are the results that will be used
in TSPA-LA.

6.3.1.7  Significance of Buried Volcanic Centers on Probabilistic Volcanic Hazard
Analysis Results

The uncertainty in the event rate accounted for about 40 percent of the total intra-expert
uncertainty (CRWMS M&O 1996 [DIRS 100116], Figure 4-33). The event rate depends on the
number of events estimated for a particular time period and for a particular source zone, and can
be expressed as events/year/square kilometer (CRWMS M&O 1996 [DIRS 100116], p. 3-2;
Figure 6-11a of this report). A key parameter for estimating event rates is, therefore, an estimate
of the number of volcanic events that have occurred in the YMR, particularly since the Miocene.
Since all post-Miocene volcanic centers observable at the surface in the YMR have been
identified (Figure 6-1), the only factor that could significantly change PVHA estimates of event
counts and the event rate would be evidence of a significant number of previously unidentified
buried volcanic centers or intrusions not considered by the PVHA.

Langenheim et al. (1993 [DIRS 148622]) presented data for aeromagnetic anomalies in the
Amargosa Valley and interpreted them as shallowly buried basaltic volcanic centers. These data
were available to the PVHA experts (CRWMS M&O 1996 [DIRS 100116], p. B-4), and data and
interpretations concerning the Amargosa Valley anomalies were also presented by Langenheim
during Workshop 1 of the PVHA project (CRWMS M&O 1996 [DIRS 100116], p. C-3). In the
PVHA, 9 of 10 experts included volcanic events of the Amargosa Valley in their YMR event
counts (CRWMS M&O 1996 [DIRS 100116], Appendix E, pp. RC-8, BC-17, WD-5, WH-7,
MK-10, AM-8, MS-8, GT-6, GW-6). The only expert who did not include events of the
Amargosa Valley in their YMR event counts considered only the past 2 m.y. to be the relevant
time period (CRWMS M&O 1996 [DIRS 100116], Appendix E, RF-6), thus, excluding the
period of time during which the anomalies were probably formed. The most common expert
assessment of the number of volcanic events represented by the aeromagnetic anomalies in
Amargosa Valley was 5, with slightly less weight assigned to 3, 4, and 6 events (CRWMS M&O
1996 [DIRS 100116], Figure 3-63). In addition, the PVHA experts assessed a hidden event
factor, allowing for additional undetected events not counted in the total YMR event counts that
already included the Amargosa Valley event counts (CRWMS M&O 1996 [DIRS 100116],
Figure 3-62, 3-63). These factors typically resulted in an increase of 10 to 50 percent in the rate
of volcanic events over that computed from the observed volcanic events.
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New data that could potentially change the assessment of the number of volcanic events by the
PVHA experts include an analysis of existing aeromagnetic data for the YMR (Earthfield
Technology 1995 [DIRS 147778]) and new ground magnetic surveys of aeromagnetic anomalies
(Connor et al. 1997 [DIRS 135969]; Magsino et al. 1998 [DIRS 147781]). A map presented by
Earthfield Technology (1995 [DIRS 147778], Appendix Il) indicates the presence of as many as
40 to 60 aeromagnetic anomalies within approximately 35 to 40 km of Yucca Mountain that are
interpreted as intrusive bodies; six of these lie within approximately 5 km of the proposed
repository site. The Earthfield Technology (1995 [DIRS 147778]) results were based on the
merging of three aeromagnetic data sets: the Timber Mountain, Lathrop Wells, and Yucca
Mountain surveys. Subsequent to release of the Earthfield Technology (1995 [DIRS 147778])
report, it was discovered that the report “was flawed by an incomplete and mislocated Timber
Mt. Survey” (Feighner and Majer 1996 [DIRS 105078], p. 1). Inspection of the flight survey
map in Earthfield Technology (1995 [DIRS 147778], Figure 2) and a corresponding map
enclosed in Results of the Analysis of the Timber Mt., Lathrop Wells, and Yucca Mt.
Aeromagnetic Data (Feighner and Majer (1996 [DIRS 105078], Appendix I) indicates that the
Timber Mountain Survey, which encompasses about 50 percent of the coverage area and the
majority of the aeromagnetic anomalies, was mislocated approximately 20 km to the
south-southwest of its correct location. For this reason, further analysis of the anomalies that
were presented by Earthfield Technology (1995 [DIRS 147778], Appendix Il) and that lie within
the Timber Mountain survey is not warranted. The six anomalies located within 5 km of the
proposed repository site (the Yucca Mountain survey) are associated with mapped faults and are
probably due to magnetic variation resulting from fault-controlled juxtaposition of rock masses
with differing magnetic properties (Feighner and Majer 1996 [DIRS 105078], p. 2; Reamer 1999
[DIRS 119693], p. 32).

The most reliable and detailed data available for magnetic anomalies in the YMR is presented in
Connor et al. (1997 [DIRS 135969]) and Magsino et al. (1998 [DIRS 147781]). These data were
obtained using ground magnetic surveys of fourteen selected aeromagnetic anomalies located to
the north, east, west, and south of the proposed repository site (Magsino et al. 1998
[DIRS 147781], Figure 1-1). Collectively, these surveys represent a comprehensive assessment
of aeromagnetic anomalies nearest the proposed repository site and provide confidence that the
geologic record of basaltic volcanism near Yucca Mountain is adequately understood. Of the
fourteen surveys, seven provide no evidence of buried basalt and three were conducted over
areas with known surface exposures of basalt, partly to enhance understanding of the relationship
between volcanism and geologic structure (Magsino et al. 1998 [DIRS 147781], Section 4).
Four of the 14 surveys provide evidence of buried volcanic centers. Two of these (Anomalies A
and F/G of the PVHA) were known to the PVHA experts as possible buried basaltic volcanic
centers (from the data of Langenheim et al. 1993 [DIRS 148622]; Crowe et al. 1995
[DIRS 100110], Figure 2.5), but the data presented in Connor et al. (1997 [DIRS 135969]) and
Magsino et al. (1998 [DIRS 147781]) provide increased detail and confidence of their volcanic
origin. Of the two remaining surveys, anomalies in the Steve’s Pass area on the southwest
margin of Crater Flat are interpreted as buried basalt. Interpretation of a buried, reversely
magnetized body of rock southwest of Northern (or Makani) Cone is less certain and may be
either a basalt body or Miocene tuff (Magsino et al. 1998 [DIRS 147781], Sections 4.4 and 4.11).
Each of the four anomalies representing probable buried volcanic centers occur within volcanic
source zones previously specified by the PVHA experts (CRWMS M&O 1996 [DIRS 100116],
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Appendix E), except for the anomalies in the Steve’s Pass area, which lie slightly to the
southwest of most experts’ volcanic source zones in a direction away from Yucca Mountain.

On the basis of evidence for buried volcanic centers presented in Connor et al. (1997
[DIRS 135969]), Brocoum (1997 [DIRS 147772]) conducted sensitivity analyses to assess the
potential impact on the PVHA results of increased event counts in Amargosa Valley and Crater
Flat. Considering the experts’ method for assessment of event counts, particularly for northeast
alignments of vents (as in the case of Amargosa anomaly F/G), the mean value for the number of
buried volcanic centers was increased from the original PVHA value of 4.7 events to 6.1 events
(Brocoum 1997 [DIRS 147772], Enclosure 1, p. 5). The mean annual frequency of intersection
of a dike with the repository footprint was recalculated using the revised event count
distributions, resulting in an increase in the mean annual frequency of intersection of 4 percent
(Brocoum 1997 [DIRS 147772], Enclosure 1, p. 5). Given the uncertainty factored into the
PVHA by assessment of alternative event counts and hidden event factors, small changes in the
PVHA event counts have a minor impact on the annual frequency of intersection distribution
derived from the PVHA. A later sensitivity analysis presented by Synthesis of Volcanism Studies
for the Yucca Mountain Site Characterization Project (CRWMS M&O 1998 [DIRS 105347],
Chapter 6, pp. 6-83 and 6-84) conservatively assumed that all known aeromagnetic anomalies in
Crater Flat and the Amargosa Valley were of Quaternary age, instead of Pliocene. Using this
assumption, the most likely number of Quaternary volcanic events near Yucca Mountain based
on PVHA event counts was increased from 3.8 to 8 events. This increase in the Quaternary
event count resulted in a disruption probability of approximately 2.5-107 per year (CRWMS
M&O 1998 [DIRS 105347], Chapter 6, p. 6-84), a result not significantly different from the
mean PVHA result of 1.5-10 ° per year (CRWMS M&O 1996 [DIRS 100116], pp. 4-10, 4-14).

The data presented by Connor et al. (1997 [DIRS 135969]) and Magsino et al. (1998
[DIRS 147781]) provide stronger evidence that Anomalies A and F/G (as defined in the PVHA)
represent buried volcanic centers, and that at least one anomaly not considered by the PVHA
experts represents a probable buried volcanic center. Sensitivity studies (Brocoum 1997
[DIRS 147772]; CRWMS M&O 1998 [DIRS 105347], Chapter 6) show that the addition of
several volcanic events located within already defined volcanic source zones does not
significantly impact the results of the PVHA. Significantly, the four anomalies east of Yucca
Mountain (Magsino et al. 1998 [DIRS 147781], Figure 1-1) show no evidence of buried volcanic
centers and provide confirmatory evidence that the volcanic source zones specified by the
experts to the south and west of Yucca Mountain are a valid representation of the spatial
distribution of post-Miocene volcanism in the YMR.

In 1999, the USGS conducted a regional aeromagnetic survey for the purpose of assessing
potential hydrologic pathways in the Yucca Mountain/Death Valley region (Blakely et al 2000
[DIRS 151881]). Subsequent interpretation of these data indicated that 20 to 24 aeromagnetic
anomalies present to the west and south of Yucca Mountain could potentially represent buried
basalt (O’Leary et al. 2002 [DIRS 158468]; Hill and Stamatakos 2002 [DIRS 159500]).
Section 6.5.4 of this report documents an assessment of how the potential presence of additional
buried volcanoes in the YMR could impact the frequency of intersection.
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6.3.1.8  Alternative Estimates of the Intersection Probability

Several alternative estimates of the intersection probability (the annual probability of a volcanic
event intersecting the repository footprint) were presented between 1982 and 1998 (Table 6-5).
As discussed in the following section (6.3.2), volcanic events in hazard calculations have been
represented as both points and lines (Table 6-5). For point events, volcanic source zone areas or
the repository area have generally been increased to account for the fact that volcanic events
have dimension due to the length of associated dikes. The shorter the event length, the more
comparable intersection probability results are for calculations representing volcanic events as
points.  Intersection probabilities near 10’ intersections per year (Ho and Smith 1998
[DIRS 140152], pp. 507 and 508; Reamer 1999, p. 61 [DIRS 119693]) reflect unusually small
volcanic source zone areas or unusually long event lengths (Table 6-5).

Most of the published intersection probabilities, including the mean intersection probability
estimated in the PVHA, cluster at values slightly greater than 10° per year (Table 6-5),
indicating that this probability estimate is robust, given the range of alternative temporal and
spatial models, and the different event geometries considered in the probability calculations.

Table 6-5. Published Estimates of the Probability of Intersection of the Proposed Repository at Yucca
Mountain by a Volcanic Event

Intersection Event
Reference Probability (per year) Comment Representation
Crowe et al. (1982 [DIRS 3310 -47.10 Range of alternative probability point
102741)), pp. 184 through 185 calculations.
Crowe et al. (1993 [DIRS 2.6-107° Median value of probability point
100026]), p. 188 distribution.
Connor and Hill (1995 [DIRS 1-5-10° Range of 3 alternative models. point
102646]), p. 10121
Crowe et al. (1995 [DIRS 1.8-10° Median value of 22 alternative point
100110]), Table 7.22 probability models.
Ho and Smith (1998 [DIRS 1)1.5 1078, 3 alternative models; 3rd™ model point
140152]), pp. 507 through 508 | (2) 1.09 1078, assumes a spatial intersection ratio
2.83-.1078 (using a Bayesian prior) of 8/75 or
(3)3.14 1077 0.11, approximately one order of

magnitude higher than other

published estimates, because

volcanic events are forced to occur

within a small zone enclosing Yucca

Mountain.
CRWMS M&O (1998 [DIRS 2.5.107® Sensitivity analysis that point
105347]), Chapter 6, p. 6-84 conservatively assumes all

aeromagnetic anomalies in

Amargosa Valley are Quaternary

age.
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Table 6-5. Published Estimates of the Probability of Intersection of the Proposed Repository at Yucca
Mountain by a Volcanic Event (Continued)

Intersection Event
Reference Probability (per year) Comment Representation
Connor et al. (2000 [DIRS 107%-1077 Value of 107" assumes maximum line
149935)), p. 427 event length of 20 km, regional

recurrence rates of 5 events/m.y.,
and that crustal density variations
contribute to event location.

6.3.2 Definitions and Parameters of a Volcanic Event and Implications for Alternative
Probability Calculations

An important issue in the PVHA and in alternative volcanic hazard assessments of the proposed
Yucca Mountain repository is the definition of a “volcanic event.” The definition of a volcanic
event can affect the outcome of probability calculations and must be clearly understood to
compare the results of alternative probability calculations meaningfully. The PVHA experts
defined a volcanic event to be a spatially and temporally distinct batch of magma ascending from
the mantle through the crust as a dike or system of dikes (CRWMS M&O 1996 [DIRS 100116],
Appendix E). The physical manifestations of a volcanic event include the dike or dike system
and any surface eruption deposits. For the purposes of probability models discussed in this
report (Section 6.5), a volcanic event is defined as a point (x,y) in space representing the
expected midpoint of the dike system involved in the magma ascent. The dike system associated
with the volcanic event is represented in the probability model by a line element defined in terms
of a length, azimuth, and location relative to the point event (Figure 6-8 and Figure 6-10). The
term “dike length” used in the PVHA and in this report when discussing volcanic events refers to
the total length of the dike system associated with the volcanic event. The phrase “intersection
of the repository footprint by a dike” refers to intersection of the emplacement area of the
repository by the line element representing the dike system associated with the volcanic event.
The possibility that a dike system has width or consists of multiple parallel dikes does not
significantly affect the intersection probability and is not part of the calculations in this report.
The width of the dikes and the number of parallel dikes does affect the consequences of an
intersection and is incorporated into the igneous intrusion scenario presented in Number of Waste
Packages Hit by Igneous Intrusion (BSC 2004 [DIRS 170001]). Although the PVHA assumed
volcanic events to have both an extrusive and intrusive component (volcano and dike), the output
of the PVHA was the annual frequency of intersection of the proposed repository by an intrusive
basaltic dike (CRWMS M&O 1996 [DIRS 100116], Section 4.2, Figure 4-32). The PVHA did
not calculate the conditional probability that a dike intersecting the proposed repository would
result in an extrusive volcanic eruption through the repository.

Typical dike dimensions assigned by the experts were a dike width of 1 m and a dike length (the
total length of the dike system associated with a volcanic event) of 1 to 5 km (CRWMS M&O
1996 [DIRS 100116], Appendix E; Figure 6-2). The most likely values for maximum dike
lengths were estimated to be in the range of 17 to 22 km (CRWMS M&O 1996 [DIRS 100116],
Figure 3-62). The values of maximum dike length represent tails of distributions that have a
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small impact on the probability of dike intersection. The individual PVHA expert dike length
distributions can be aggregated to derive a PVHA aggregate dike length distribution. The
aggregate dike-length distribution derived from the PVHA has 5th percentile, mean, and 95th
percentile values of 0.6, 4.0, and 10.1 km, respectively (Figure 6-2). The most commonly
assigned dike orientation centers around N30°E (CRWMS M&O 1996 [DIRS 100116],
Figure 3-62).

Prior to the PVHA, most assessments of volcanic hazard to the proposed repository represented
volcanic events as points having no physical dimension (CRWMS M&O 1996 [DIRS 100116],
p. 3-16). The physical dimension of events was generally taken into account by appropriately
expanding the area of the proposed repository or of volcanic source zones (e.g., Crowe
etal. 1995 [DIRS 100110], p. 7-64). The PVHA and probability calculations presented by the
NRC since the PVHA have represented volcanic events as having both length and orientation
(Reamer 1999 [DIRS 119693]). It is important to compare the different representations of
volcanic events in order to compare probability results meaningfully. The PVHA intersection
probability represents the probability of a dike intersecting the repository footprint (CRWMS
M&O 1996 [DIRS 100116], Section 3.1.6). The NRC intersection probability represents the
intersection of the repository footprint by a vent or vent alignment (Reamer 1999
[DIRS 119693], Sections 4.1.6.3.2 and 4.1.6.3.3, Figures 29 and 30) and assumes that all vents
along the alignment are contemporaneous and represent a single volcanic event (e.g., the
alignment of Quaternary vents from Makani Cone to Little Cones ([Reamer 1999
[DIRS 119693]]) (see Figure 6-1 in this report). In contrast, the PVHA allowed that an
alignment of volcanoes could represent one to several volcanic events that are not necessarily
contemporaneous. Conceptually, use of either the PVHA or NRC volcanic event should result in
the same intersection probability if the same temporal/spatial models and assumptions are used,
as well as the same probability distributions for event length and orientation (Figure 6-3).
However, these probabilities represent different physical occurrences and PVHA and NRC
model parameters are not equivalent. Since the PVHA intersection probability represents the
probability of a dike intersection, the probability of an eruption (conditional on dike intersection)
through the proposed repository is equal to, or lower than the intersection probability
(Figure 6-3). The NRC intersection probability values are based on the interpretation that every
intersection of a vent alignment with the repository footprint results in an eruption through the
repository (Reamer 1999 [DIRS 119693], p. 57) and that the probability of intersection by
shallow intrusive events that do not erupt is necessarily higher, possibly by a factor of 2-5
(Reamer 1999 [DIRS 119693], p. 60, Figure 5).
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Figure 6-2. Composite Distribution for Dike Length Averaged Across All 10 Probabilistic Volcanic Hazard
Analysis Experts
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Figure 6-3. Conceptual Diagram Comparing Event Definitions from the Probabilistic Volcanic Hazard
Analysis and Reamer: Implications for Eruption and Intrusion Probabilities Based on
Different Event Definitions

The NRC assumes that every vent alignment intersection will result in an eruption through the
repository because they conclude that vent spacing along alignments is small compared to the
repository footprint (Reamer 1999 [DIRS 119693], Sections 4.1.4.3.3 and 4.1.6.3.2). The
technical basis for this conclusion is unclear. In Section 6.5.1.3, a number of alternative
approaches for the number and spatial distribution of vents along the dike associated with a
volcanic event are formulated based on PVHA expert output and observed vent spacing in the
YMR to test for sensitivity of model choice. Using these approaches, the eruption probability is
approximately 78 percent of the dike intersection probability because of cases where no vents
form within the repository footprint (Table 6-11).

6.3.2.1 Intrusive Versus Extrusive Events: Evidence from Analogue Sites

Another issue requiring discussion is whether dikes or dike systems can reach the near surface
without any portion of the system erupting. The NRC (Reamer 1999 [DIRS 119693])
assumption that all vent alignment intersections result in eruption through the proposed
repository implies that intrusive events that intersect the proposed repository and do not erupt
represent entirely separate temporal events. Using the San Rafael volcanic field as an analogue,
the NRC assumes for PA purposes that the probability of separate intrusive events that do not
erupt is 2 to 5 times higher than the probability of eruptive events (Reamer 1999 [DIRS 119693],
Section 4.1.6.4). Thus, for example, if 5 volcanic events resulting in volcanic eruptions have
occurred in the YMR in the past 1 m.y., the NRC’s assumption requires that 10 to 25 additional
intrusive events have also occurred, independent in time and location from the events that
produced the volcanic eruptions. In the PVHA definition of a volcanic event, intrusive and
extrusive events in the YMR are generally considered to be linked on a one-to-one basis—a
volcanic event is defined as an extrusive volcano and its associated intrusive dike or dike system.
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Dikes that reach depths of less than 0.5 to 1 km are thought to erupt at some point along the
length of the dike, mainly because of volatile exsolution (CRWMS M&O 1996 [DIRS 100116],
Appendix E, pp. RC-10, BC-6, WH-6, MK-12). The most common multiplier assigned in the
PVHA for undetected intrusive events was 1.1 to 1.2 times that of known volcanic events
(CRWMS M&O 1996 [DIRS 100116], Figure 3-62), which is a number lower than the NRC
multiplier of 2 to 5.

An appropriate analogue in the YMR for understanding the relationship between intrusive and
extrusive components of a volcanic event is the Paiute Ridge intrusive/extrusive center (Byers
and Barnes 1967 [DIRS 101859]) on the northeastern margin of the Nevada Test Site. Paiute
Ridge is a small-volume Miocene volcanic center comparable in volume and composition to
Quaternary volcanoes near Yucca Mountain (CRWMS M&O 1998 [DIRS 105347], Chapter 5,
p. 5-29). Paleomagnetic, geochronologic, and geochemical data indicate that the entire
intrusive/extrusive complex formed during a brief magmatic pulse and, thus, represent a single
volcanic event (Ratcliff et al. 1994 [DIRS 106634]; CRWMS M&O 1998 [DIRS 105347],
Chapter 5, p. 5-29). The vents and associated dike system formed within an NNW-trending
extensional graben provide excellent exposures of a variety of depths of the system including
remnants of surface lava flows, volcanic conduits, and dikes and sills intruded into tuff country
rock at depths of up to 300 m (CRWMS M&O 1998 [DIRS 105347], Chapter 5, pp. 5-27 through
5-41). There is evidence of shallow structural control of dike emplacement at Paiute Ridge,
including dike emplacement along fault planes (Byers and Barnes 1967 [DIRS 101859];
CRWMS M&O 1998 [DIRS 105347], Chapter 5, pp. 5-27 through 5-28). Dike lengths at Paiute
Ridge range from less than 1 to 5 km (CRWMS M&O 1998 [DIRS 105347], Chapter 5, p. 5-31),
comparable to the range estimated for post-Miocene volcanism near Yucca Mountain
(Figure 6-2).

Field observations at Paiute Ridge clearly show that, while some portions of individual dikes
stagnated within about 100 m of the surface without erupting, other portions of the same volcanic
event did erupt, as evidenced by associated lava flows and volcanic conduits (Byers and Barnes
1967 [DIRS 101859]; CRWMS M&O 1998 [DIRS 105347], Chapter 5, pp. 5-29 through 5-33).
During the time period considered most significant by the PVHA experts for evaluating volcanic
hazard (the past 5 m.y., CRWMS M&O 1996 [DIRS 100116], Figure 3-62), there is no known
episode of dike intrusion to within a few hundred meters of the surface in the YMR that has not
been accompanied by an extrusive component. Thus, there is no evidence in the YMR geologic
record to suggest that dike intrusions without accompanying eruptions occur 2 to 5 times more
frequently than eruptions (Reamer 1999 [DIRS 119693], Figure 5, Sections4.1.6.3.4 and
4.1.6.4).

The NRC assumption of higher intrusion probabilities in the YMR is based on analogy to the San
Rafael volcanic field on the western Colorado Plateau, where an extensive system of shallowly
intruded dikes is well exposed (Delaney and Gartner 1997 [DIRS 145370]). Delaney and
Gartner (1997 [DIRS 145370], p. 1180) estimate that 174 dikes are represented in the San Rafael
dike swarm. Breccias are present along portions of 45 of these dikes, which are interpreted to
represent the subsurface beneath eruptive centers (Delaney and Gartner 1997 [DIRS 145370],
pp. 1178 and 1191). No attempt is made in Delaney and Gartner (1997 [DIRS 145370]) to
estimate the frequency of temporally discrete intrusive versus eruptive events. They suggest
only that at least 45 dikes show evidence of eruption along some segment of a dike; other parts
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of the same dike, or other parts of the same dike system; or may have erupted as is observed at
Paiute Ridge. Given the Paiute Ridge analogy and the Delaney and Gartner (1997
[DIRS 145370]) interpretation that the San Rafael swarm likely represents the subsurface
beneath a large volcanic field active for about a million years (Delaney and Gartner 1997
[DIRS 145370], pp. 1177, 1178, and 1179), it is likely that many individual intrusive/extrusive
events are represented at San Rafael, with some portion of a dike system erupting during each
event and other portions of the same dike system not erupting. Thus, while the data and
discussion presented in Delaney and Gartner (1997 [DIRS 145370]) have been used to argue that
intrusive events without an eruptive component occur 2 to 5 times more frequently than intrusive
events with an eruptive component, an alternative interpretation is that the intrusion/extrusion
ratio is closer to 1. This alternative interpretation is more consistent with the geologic record of
the YMR, as demonstrated at the Paiute Ridge analogue site, and by the conclusions of the
PVHA (CRWMS M&O 1996 [DIRS 100116]).

6.3.2.2  Alternative Event Lengths

The length of dikes or vent alignments (Reamer 1999 [DIRS 119693], Figure 30) can
significantly affect intersection probabilities, depending partly on the distance of high-event-
frequency areas from the proposed repository. When volcanic events primarily occur far from
the proposed repository, they must have sufficient length to intersect the repository, and longer
event lengths will result in higher intersection probabilities. When volcanic events occur more
frequently nearer the proposed repository, volcanic events with shorter lengths are able to
intersect the repository with higher frequency.

As evaluated by experts in the PVHA, the mean dike length associated with a volcanic event in
the YMR is 4 km and 95 percent of dikes are shorter than 10.1 km (Figure 6-2). These values
are based on observed volcanic features in the YMR. For instance, the maximum vent spacing in
the YMR is 5.4 km between Black and Makani Cones, and volcanic vent alignments lengths are
typically in the range of 2 to 5 km (e.g., Hidden Cone-Little Black Peak, Amargosa
Aeromagnetic Anomaly A, Red Cone-Black Cone). The longest proposed vent alignment in the
YMR, assuming it represents one volcanic event, is the Quaternary Crater Flat alignment with a
length of about 11 km (Figure 6-1). Observed dikes, such as at Paiute Ridge, range in length
from less than 1 to 5 km. Dike and vent alignments of the 3.7 m.y. basalts in southeast Crater
Flat (Figure 6-1) are no more than 4 km in length.

Event lengths used in probability models by researchers from the University of Nevada,
Las Vegas (e.g., Smith et al. 1990 [DIRS 101019]) and the NRC (Reamer 1999 [DIRS 119693],
Figures 29 and 30) are significantly longer than those assessed by the experts in the PVHA. For
example, Smith et al. (1990 [DIRS 101019], p. 81) based the dimensions of “high-risk” volcanic
source zones, which were used as a spatial control on event distribution in probability models, on
the length of volcanic vent alignments at analogue sites. The analogue site chosen to define the
dimensions of the “high-risk” zone is the relatively large-volume Fortification Hill volcanic field
near Lake Mead, 200 km southeast of Yucca Mountain. In terms of volume, Smith et al. (1990
[DIRS 101019], p. 85) acknowledge that this volcanic field is not analogous to Quaternary
volcanism near Yucca Mountain. The vent alignment length defined at Fortification Hill is
25 km (Smith et al. 1990 [DIRS 101019], p. 85). Smith et al. (1990 [DIRS 101019], p. 87)

ANL-MGR-GS-000001 REV 02 6-26 October 2004



Characterize Framework for Igneous Activity at Yucca Mountain, Nevada

consider this length to be an upper bound, and it corresponds to the greater than 99th percentile
value of the PVHA event length distribution (Figure 6-2).

Vent alignment lengths are used directly in NRC probability calculations (Reamer 1999
[DIRS 119693], Sections 4.1.6.3.2 and 4.1.6.3.3, Figures 29 and 30) and have a maximum
half-length range of 5.2 to 10.2 km, corresponding to a total-length range of 10.4 to 20.4 km.
These values are based on the half-length of the Quaternary Crater Flat vent alignment (5.6 km,
the longest half-length observed in the YMR) and the observation that vent alignment
half-lengths of 10 km or more occur in other volcanic fields (Reamer 1999 [DIRS 119693],
p. 40). It is notable that approximately 97 percent of the 174 dike lengths measured in the
San Rafael volcanic field (discussed above), which the NRC uses as a YMR analog, have total
lengths of less than 5 km (Delaney and Gartner 1997 [DIRS 145370], Figure 4). The median of
the length distribution at San Rafael is approximately 1.1 km and the maximum dike length is 8
to 9 km (Delaney and Gartner 1997 [DIRS 145370], Figure 4), a distribution not dissimilar to
that used in the PVHA (Figure 6-2).

A measure comparable to dike half-length, the distance from the end of the dike nearest the
proposed repository to the point of origin of the volcanic event, can be derived from information
elicited in the PVHA (Figure 6-4). This distribution has a 5th percentile, mean, and 95th
percentile values of 0.2, 2, and 5.6 km, which, given the previous discussions of observed dike
lengths, vent spacings, and maximum observed half-length vent alignment of 5.6 km, is in
excellent agreement with observed volcanic event features in the YMR. Note that the range of
maximum event length values (10 to 20 km) used in NRC probability models (Reamer 1999
[DIRS 119693], Figures 29 and 30), are comparable to the maximum dike lengths assessed by
the PVHA experts. However, the NRC’s use of a uniform distribution for dike half-length
results in a much greater weighting in NRC probability models for dike lengths that represent the
greater than 95th percentile values assessed by the 10 PVHA experts (Figure 6-2). The NRC
intersection probability value of 107 per year, assumed for purposes of NRC PA (Reamer 1999
[DIRS 119693], p. 61), depends on a maximum vent alignment length of 20 km (Reamer 1999
[DIRS 119693], Figure 30), which is inconsistent with observed vent alignment lengths in the
YMR.

6.3.3 Conceptual Models of Volcanism and Formulation of Probability Models

In the PVHA and alternative assessments of volcanic hazard to the proposed Yucca Mountain
repository, the conceptual model of volcanism—how and where magmas form and what
processes control the timing and location of magma ascent through the crust to form volcanoes—
has a fundamental impact on how probability models are formulated and on the results of
probability models (e.g., Smith et al. 1990 [DIRS 101019]; CRWMS M&O 1996
[DIRS 100116]; Reamer 1999 [DIRS 119693]).

In general, the PVHA experts viewed the YMR as part of the same extensional tectonic and
volcanic regime as the rest of the southern Great Basin portion of the Basin and Range province,
but several members of the panel noted the possible additional influence on volcanism of the
Walker-Lane structural zone (CRWMS M&O 1996 [DIRS 100116], Appendix E, e.g., pp. WD-1
and WH-1). The smaller volumes of basalt erupted in the YMR since the Miocene reflects
waning of both tectonism and magmatism in this part of the Basin and Range Province
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(CRWMS M&O 1996 [DIRS 100116], Appendix E, e.g., pp. RC-1, BC-3, WD-2, RF-3, WH-1,
MK-1, AM-3).
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Figure 6-4. Composite Distribution for the Distance from the Point Volcanic Event to the End of the Dike
Averaged Across All 10 PVHA Experts

Some PVHA experts distinguished between deep (mantle source) and shallow (upper crustal
structure and stress field) processes when considering different scales (regional and local) of
spatial control on volcanism (CRWMS M&O 1996 [DIRS 100116], Appendix E, pp. MK-2 and
AM-1). The PVHA experts generally view volcanism in the YMR as a regional-scale
phenomenon because of melting processes in the upper lithospheric mantle that produce small
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volumes of alkali basalt, which is a basalt type generated by relatively small percentages of
mantle melting compared to other basalt types (CRWMS M&O 1998 [DIRS 105347], Chapter 4,
p. 4-4). The exact mechanism of mantle melting in the YMR is poorly understood, but may be
controlled by a complex combination of processes including the effect of residual heat in the
lithospheric mantle from previous episodes of volcanism and the presence of a plate subduction
system, local variations in volatile (water) content, variations in mantle mineralogy and
chemistry, and the effect of regional lithospheric extension (CRWMS M&O 1996
[DIRS 100116], Appendix E). Researchers who have analyzed magmatic processes in the YMR
generally agree that the magnitude of mantle melting has drastically decreased since the middle
Miocene and that all melts in the past few million years have been generated within relatively
cool (compared to asthenospheric mantle) ancient lithospheric mantle, which is a factor that may
contribute to the relatively small and decreasing volume of basaltic melt erupted in the YMR
since the Miocene (Farmer et al. 1989 [DIRS 105284]; Yogodzinski and Smith 1995
[DIRS 136262]; CRWMS M&O 1996 [DIRS 100116], Appendix E; Reamer 1999
[DIRS 119693], pp. 17 and 47).

An alternative to the hypothesis of melting within lithospheric mantle was presented by
Smith et al. (2002 [DIRS 158735]), who hypothesized instead, that basaltic melts beneath the
YMR are generated within hot, upwelling asthenospheric mantle (mantle “hotspot” model). This
model raises the possibility that the recurrence rate of basaltic volcanism near Yucca Mountain
(the Crater Flat volcanic field) could increase in the next few thousand years to a level
comparable to the more active Lunar Crater volcanic field, 150 km to the north. This hypothesis
is based on a proposed correlation between the timing of volcanic episodes between the Lunar
Crater and Crater Flat fields and a proposal that anomalously hot mantle underlies the region
beneath both volcanic fields, providing a common mechanism that controls the timing of
volcanic activity. If this hypothesis were valid, probability models that estimate the probability
of volcanic disruption of the repository might need to be revised to account for the possibility of
higher recurrence rates in the future.

The hypothesis that recurrence rates of volcanism could suddenly increase because of
anomalously hot mantle beneath the Yucca Mountain area is inconsistent with the following
observations:

e The Crater Flat volcanic field is one of the least active volcanic fields in the western
United States, while the Lunar Crater field is one of the most active fields within the
Basin and Range interior. This fundamental difference in eruptive behavior does not
suggest a common physical mechanism that links the two fields. Basaltic volcanic fields
are common throughout the western United States, with at least 20 to 30 fields active in
the last 5 m.y. Many of these volcanic fields consist of 50 to 100 individual volcanoes,
with several of the largest containing more than 300 individual volcanoes. Eruption
rates for most fields range from 10 to more than 100 km®m.y. (Perry and Bowker 1998
[DIRS 159502]). The Lunar Crater field consists of 70 to 100 individual volcanoes,
with an eruption rate of approximately 20 km*/m.y. over the past 4 m.y. In contrast, the
Crater Flat field consists of about 10 to 15 individual volcanoes with an eruption rate of
less than 1 km*/m.y. over the past 4 m.y. (Perry and Bowker 1998 [DIRS 159502]).
These data indicate a recurrence rate in the Lunar Crater field that is approximately an
order of magnitude greater than in the Crater Flat field. If, as proposed, the common
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link between the two fields is anomalously hot mantle, the lower volume, eruption rate,
and recurrence rate of the Crater Flat field indicates that the underlying mantle is not as
hot or prone to melt as mantle beneath Lunar Crater. The low activity of the Crater Flat
field compared to nearly every other volcanic field in the western U.S. indicates that the
underlying mantle is not particularly hot. Therefore, there is no evidence to indicate that
the recurrence rate of volcanism near Yucca Mountain will ever reach values equivalent
to those at Lunar Crater.

e Neodymium isotopic compositions of basalts in the Lunar Crater and Crater Flat
volcanic fields are significantly different, indicating fundamentally different mantle
sources or fundamental differences in processes that produced the basalts.
Smith et al. (2002 [DIRS 158735]) recognized the isotopic differences between the two
volcanic fields and speculated that the unusual Nd isotopic compositions of basalt near
Yucca Mountain are due to (1) contamination of asthenospheric melts passing through
lithospheric mantle or (2) modification of asthenospheric mantle by fluids or melts
derived from subducted crust. Either mechanism would not be expected to affect the
basalts near Yucca Mountain selectively, but would instead operate on a much larger
scale. For example, because subducted crust existed beneath most of the western United
States for tens of millions of years, modifying fluids of melts derived from subducted
crust would be expected to modify asthenospheric mantle on a continental scale, not just
the small region surrounding Yucca Mountain. Basalts from Lunar Crater have isotopic
compositions similar to ocean island basalts, indicating a source in relatively warm and
convecting asthenospheric mantle. The unusual Nd isotopic composition of basalts in
the Crater Flat field indicate derivation from a lithospheric mantle source that is old,
stable, and cold (nonconvecting) compared to asthenospheric mantle (Perry et al. 1987
[DIRS 162311]; Farmer et al. 1989 [DIRS 105284]; Livaccari and Perry 1993
[DIRS 162310]). Wernicke et al. (1987 [DIRS 107250]), citing tectonic evidence,
suggested that the relative lack of volcanism in the YMR until 15 m.y. ago left the
lithosphere cold and difficult to extend, compared to more volcanically active and earlier
extended regions of the Basin and Range province. The preponderance of evidence
indicates that the small volume of basalt and limited volcanic activity near Yucca
Mountain reflect an underlying mantle source that is cold and unable to produce
significant volcanic activity.

On a more local and shallow crustal scale, most researchers conclude that (1) volcanism is
correlated with zones of past or present crustal extension, and (2) once dikes feeding volcanoes
enter the shallow upper crust, their location and orientation is influenced by the orientation of the
local stress field and the presence of faults that may locally control vent location and alignment.
The evidence cited for these two conclusions includes several northeast-oriented vent alignments
in the YMR and the association of eruptive centers with known or inferred faults
(Smith et al. 1990 [DIRS 101019], p. 83; CRWMS M&O 1996 [DIRS 100116], Appendix E,
p. AM-4; Connor et al. 1997 [DIRS 135969], p. 78; Reamer 1999 [DIRS 119693],
Section 4.1.3.3.3; Fridrich et al. 1999 [DIRS 107333], p. 211).

A mechanistic model relating mantle melting and lithospheric extension has recently been

proposed for the YMR by Connor et al. (2000 [DIRS 149935]) and additionally, is used as the
geologic basis for weighting spatial density models based on crustal density variations across the
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YMR (Reamer 1999 [DIRS 119693], Section 4.1.6.3.3). The conceptual basis of the model is
that crustal density variations across the YMR control variations in lithostatic pressure at the
base of the crust. These pressure variations in turn control the location of decompression melting
within the mantle, which, in turn, controls the location of future igneous activity within the YMR
(Connor et al. 2000 [DIRS 149935], pp. 419 through 422).

As formulated, a finite-element model that calculates lateral pressure changes in the YMR based
on upper crustal density variations (Connor et al. 2000 [DIRS 149935], p. 420) is a poor
predictor of volcano distribution in the YMR. The model predicts that maximum melting (and,
hence, more frequent occurrence of volcanism) will occur farthest from the region of high crustal
density (Connor et al. 2000 [DIRS 149935], Figure 3). But this model prediction is the opposite
of what is observed for the occurrence of post-Miocene volcanism in the YMR because
volcanism is concentrated near high-density crust of the Bare Mountain domain, rather than
farther to the east (Figure 6-5).

A map of apparent crustal density variation (Connor et al. 2000 [DIRS 149935], Plate 1) shows
that low average crustal density extends fairly uniformly for a distance of at least 50 km east of
the Bare Mountain Fault. Within the context of the conceptual model proposed by Connor et al.
(2000 [DIRS 149935]) (i.e., crustal density exerts a primary control on location of volcanism),
post-Miocene volcanism should occur somewhat randomly across this broad region. Instead, all
post-Miocene volcanism near Yucca Mountain is located within 5 to 10 km of the Bare
Mountain fault or near the southern ends of the Windy Wash and Stagecoach Road faults
(Fridrich et al. 1999 [DIRS 107333], p. 211), indicating that local zones of extension and upper
crustal faulting may exert more direct control on the location of volcanism than the effect of
shallow crustal processes on mantle processes (CRWMS M&O 1996 [DIRS 100116],
Appendix E, e.g., pp. AM-5 and MS-2; Fridrich et al. 1999 [DIRS 107333], p. 211; Reamer 1999
[DIRS 119693], Section 4.1.5.3.3). This does not mean that areas of low crustal density and
volcanism do not often coincide, but instead means that both are independently influenced or
caused by upper crustal faulting and extension.

Connor et al. (2000 [DIRS 149935]) use crustal density as a primary “tectonic” or “geologic”
control on volcano distribution (Reamer 1999 [DIRS 119693], Section 4.1.6.3.3), even though
volcanoes are not randomly distributed over broad areas of low crustal density as predicted by
this model. An alternative method of weighting spatial density models would be to weight by
estimated percent of extension within the Crater Flat basin (e.g., Fridrich et al. 1999
[DIRS 107333], Figure 5), thereby tying probability models more directly to a geologic process
(faulting and extension) that many researchers agree exerts an important geologic control on
volcano location (Smith et al. 1990 [DIRS 101019], p. 83; CRWMS M&O 1996 [DIRS 100116],
Appendix E, pp. AM-5 and MS-2; Connor et al. 1997 [DIRS 135969], p. 78; Reamer 1999
[DIRS 119693], Section 4.1.3.3.3, p. 47). The strong southward and westward increase in
extension rate across the Crater Flat basin corresponds well to sites of most recent volcanism in
the basin (Fridrich et al. 1999 [DIRS 107333], Figures 1 and 5), as opposed to crustal density
variations that are hypothesized to control volcano location, but do not correspond well with
volcano location (Reamer 1999 [DIRS 119693], Figure 22). In terms of alternative conceptual
models, models based on observable geologic features in the YMR provide a more defensible
framework and technical basis for probability calculations than models relying on unobservable
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processes that remain largely speculative (i.e., Reamer 1999 [DIRS 119693], Section 4.1.5.3.2;
see also Probability Acceptance Criteria 3, Reamer 1999 [DIRS 119693], p. 24).

In summary, the probability model proposed by Connor et al. (2000 [DIRS 149935]) that relies
on spatial density functions weighted by crustal density is not well supported based on
observations of volcano distribution within the YMR. Significantly, this probability model is the
basis for calculating the highest annual probability value for a volcanic eruption within the
proposed repository boundary (9 x 107 per year, Reamer 1999 [DIRS 119693], Figure 30),
which is the value (rounded up to “10 " per year) that the NRC will use for the purposes of PA
(Reamer 1999 [DIRS 119693], p. 61). It should also be noted that this probability model results
in an approximately two-fold increase in the intersection probability compared to unweighted
spatial density models (Reamer 1999 [DIRS 119693], Figure 29). As discussed previously in
Section 6.3.2.2, the results of this probability model also depend to a large extent on dike lengths
that are inconsistent with the geologic record of the YMR.

6.4 THE CRATER FLAT STRUCTURAL DOMAIN

Clearly, post-Miocene volcanoes in the YMR are spatially clustered (Crowe et al. 1995
[DIRS 100110], Chapter 3; Connor and Hill 1995 [DIRS 102646], Figure 2). For probability
models that incorporate clustering of volcanoes (Connor and Hill 1995 [DIRS 102646]) or
specify volcanic source zones based primarily on the location or clustering of volcano centers
(CRWMS M&O 1996 [DIRS 100116]), estimation of the hazard to Yucca Mountain is often
dominated by the presence of the Crater Flat cluster. This dominance is due to the relatively
high occurrence and Quaternary age of volcanoes in the Crater Flat basin (including Lathrop
Wells, which lies within the Crater Flat structural domain and is the youngest volcano in the
YMR), and because of the close proximity of Crater Flat volcanoes to Yucca Mountain,
compared to other volcanic clusters in the YMR (Figure 6-1).

The Crater Flat structural domain as defined by Fridrich (1999 [DIRS 118942], pp. 170 through
178) is a structural basin or graben. It is bounded on the west by the Bare Mountain fault and on
the east by structures buried beneath Jackass Flats (Figure 6-5). It includes the Crater Flat
topographic basin on the west and Yucca Mountain near the center of the structural basin
(Figure 6-5). Because the proposed Yucca Mountain repository lies within the Crater Flat
structural domain, the structural and geophysical features of the domain and the degree to which
they influence the location of volcanism within the domain have been key factors in formulating
conceptual models of volcanism. Such models are important for assessing hazards to the
proposed repository.

The following sections describe the internal structure of the Crater Flat basin, as well as how the
PVHA experts and subsequent investigators have interpreted the influence of structural
characteristics of the basin to estimate the locations of future volcanic events. Based largely on
work published since the PVHA, the evidence that the northeastern and southwestern parts of the
basin have different extensional histories that may have influenced the location of basaltic
volcanism within the basin is summarized below.
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Figure 6-5. Local Structural Domains and Domain Boundaries of the Yucca Mountain Region and
Internal Structures of the Crater Flat Basin and Selected Parts of Adjacent Domains
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6.4.1 Internal Structure and Boundaries of the Crater Flat Basin

The Crater Flat structural domain (also referred to as the Crater Flat basin) comprises the Crater
Flat topographic basin (west of Yucca Mountain), Yucca Mountain, and the western part of
Jackass Flats. Based on geologic mapping and the interpretation of subsurface structures from
geophysical surveys (discussed below), the Crater Flat structural domain appears to comprise a
single, westward-sloping, faulted basin (Figure 6-6). The western boundary of the Crater Flat
basin coincides with the Bare Mountain fault and the northward extension of the fault into the
Tram Ridge and Tate’s Wash faults (Fridrich 1999 [DIRS 118942], p. 174). The Bare Mountain
fault dips steeply (64° £ 5° near the southern end) and can be imaged by seismic reflection to
depths of at least 3.5 km and possibly to depths of 6 km (Brocher et al. 1998 [DIRS 100022],
pp. 956 and 966). Logically, this major fault probably extends to the brittle-ductile transition in
the middle crust. The northern boundary consists of a gradational termination of intrabasin
structure at the perimeter of the Timber Mountain caldera complex (Fridrich 1999
[DIRS 118942], p. 174). As defined by Fridrich (1999 [DIRS 118942], pp. 174 and 176), the
northeastern boundary coincides with Yucca Wash, which is an alluvium-filled valley inferred to
be underlain by a small northwest-striking right-lateral strike slip fault or zone of faults
(Fridrich 999 [DIRS 118942], pp. 174 and 176). The fault is nowhere exposed, but is inferred
from the fact that Yucca Wash is a linear valley separating Yucca Mountain from a domain to
the northeast in which the 12.7 to 12.8 m.y. Paintbrush Group and older rocks are more
extended than on northern Yucca Mountain (Fridrich 1999 [DIRS 118942], p. 176). Day et al.
(1998 [DIRS 100027], p. 11) summarize evidence indicating that a major fault is not present
beneath Yucca Wash.

The eastern and southern margins of the domain are not physiographically distinct, but rather
merge with adjacent portions of the Basin and Range. The eastern margin of the Crater Flat
basin is probably a buried down-to-the-west fault known as the Gravity Fault (Fridrich 999
[DIRS 118942], p. 176, Figure 7). The southern margin is inferred from gravity and magnetic
data and from discontinuous outcrops to be a fault structure buried beneath young alluvium. 1t is
typically drawn in a northwestern direction along the Amargosa Valley (Fridrich 1999
[DIRS 118942], p.176). Fundamental changes in the style, timing, and magnitude of
extensional deformation occur across all of the boundaries of the Crater Flat basin.

6.4.1.1  Fault Orientations, Dip Directions, and Displacements

In the center of the Crater Flat basin, a sequence of 12.7 to 12.8 m.y. ash-flow tuffs (primarily
the Tiva Canyon and Topopah Spring Tuffs of the Paintbrush Group) crop out. These exposed
tuff units comprise Yucca Mountain and adjacent mesas. Much of the information about
orientation, offset, and timing of faulting is based on examination of faults that cut through the
exposed tuffs. Because both Crater Flat and Jackass Flats are basins that have undergone
alluviation in the late Quaternary, much of the structure of these basins is not accessible to direct
observation. Information on structures beneath Crater Flat and Jackass Flats is derived mainly
from seismic, gravity, and aeromagnetic and ground magnetic data.
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Figure 6-6. Schematic Cross Section of the Crater Flat Basin, from Seismic Reflection, Surficial
Geology, and Borehole Information

The Crater Flat basin is characterized by an array of closely spaced, small-to-moderate sized
extensional faults that generally dip towards the center of the basin (Figure 6-6). Normal faults
within the Crater Flat basin strike northerly in the northeastern part of the basin, but change to
increasingly northeasterly to the south and west across the basin (Figure 6-5). These orientations
can be measured directly where faults are exposed on Yucca Mountain and can be inferred from
the strike of aeromagnetic and gravity anomalies buried beneath young basin fill. In general, the
fault pattern within Crater Flat basin is roughly radial to the caldera complex to the north and is
curved from north to south across the basin. Based on the strike directions of faults within the
Crater Flat basin, a northwest-trending “hinge line” can be defined (Fridrich etal. 1999
[DIRS 107333], p. 208) that separates an area of predominantly north-striking faults on the
northeast from an area of predominantly northeast-striking faults on the southwest (Figure 6-5).
The hinge line also marks the approximate location of (1) the 20° contour of clockwise rotation
of the Tiva Canyon Tuff, (2) a subtle yet abrupt decline in elevation to the southwest, and (3) an
increase in Quaternary displacement for faults southwest of the hinge line (Fridrich et al. 1999
[DIRS 107333], p. 208; Stamatakos et al. 1997 [DIRS 138819], p. 327). These observations are
consistent with a division of the Crater Flat basin into two parts, separated at the approximate
position of the hinge line (Figure 6-5): (1) a northeastern, less extended part, and (2) a
southwestern, more extended part (Fridrich et al. 1999 [DIRS 107333], p. 208; Stamatakos et al.
1997 [DIRS 138819], pp. 327 through 328).

Seismic reflection surveys show that the Crater Flat basin is deepest to the west
(Brocher et al. 1998 [DIRS 100022], Figure 6; Ferrill et al. 1996 [DIRS 105315], Figure 1b),
implying that extension is also greatest to the west. Stratigraphic thickening of Miocene
volcanic rocks to the west support this interpretation (Fridrich et al. 1999 [DIRS 107333],
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p. 198). Thus, Crater Flat basin is a single, westward-dipping graben with less fault
displacement in the eastern half within which no major faults dominate (Figure 6-6).

Nearly all faults of the Crater Flat basin have at least a small component of oblique offset
(Fridrich 1999 [DIRS 118942], p. 177). Stratal tilts increase strongly to the west and south from
an area of minimum tilts in the northeastern part of the basin on north Yucca Mountain. Faults
in the southern part of the basin have a shallower dip and generally greater hanging wall tilt. In
the northeastern part of the basin, cumulative extension is 7 to 15 percent. In contrast,
cumulative extension in the southwestern part of the basin is at least 50 to 100 percent. This
greater extension results from decreased spacing between the intrabasin faults and to increased
average throw of the major faults (Fridrich et al. 1999 [DIRS 107333], pp. 197-198).

6.4.1.2 Rotation of Faults

The curved pattern of faults and the difference in orientation of faults from northeast to
southwest, in the Crater Flat basin is attributed to southward increasing clockwise vertical-axis
rotation where fault blocks, together with their bounding faults were rotated from their original
positions. On the scale of the basin as a whole, the spatial variation of declination
(i.e., interpreted as vertical-axis rotation) is very smooth (Rosenbaum et al. 1991 [DIRS 106708],
pp. 1976 and 1977; Hudson et al. 1996 [DIRS 106194]; Fridrich et al. 1999 [DIRS 107333],
Figure 8). The hinge line that is defined from the strike directions of faults corresponds
approximately to the contour of 20° clockwise rotation of the Tiva Canyon Tuff. In general,
more than 20° of clockwise rotation is present southwest of this line, and less than 20° of rotation
is present northeast of the hinge line. In the northeastern part of the basin, cumulative clockwise
rotation is generally less than 5% in contrast, cumulative rotation in the southwestern part of the
basin is greater than 45° (Fridrich et al. 1999 [DIRS 107333], p. 197). Paleomagnetic data from
the Crater Flat basin are interpreted to show that older stratigraphic units are rotated more than
younger units and that the major pulse of vertical-axis rotation followed the major episode of
extension by about 1 m.y. The major pulse of rotation occurred between 11.6 and 11.45 m.y.
(Hudson et al. 1996 [DIRS 106194]; Fridrich et al. 1999 [DIRS 107333], p. 210). The close
association in the areal pattern of vertical-axis rotation with the magnitude of extension in the
Crater Flat basin suggests that the rotation and extension are related as a consequence of the
fan-like opening of the basin (Fridrich et al. 1999 [DIRS 107333], p. 210).

6.4.1.3  Quaternary Slip Rate

Based on the areal variation in the pattern of late Quaternary extension in the Crater Flat basin, a
strong southward increase in deformation rate exists. Slip rates determined on individual faults
generally increase to the south (Fridrich et al. 1999 [DIRS 107333], pp. 197 and 208;
Fridrich 1999 [DIRS 118942], p. 177). In addition, cumulative late Quaternary (900 to 100 k.y.)
extension measured along three profiles yields 0.025, 0.1, and 0.2 percent per m.y. from north to
south across the basin (Fridrich et al. 1999 [DIRS 107333], p. 207). Thus, the original fan-like
pattern of basin opening established in the Miocene still persists. The continuing pattern of
oblique basin opening indicates that vertical-axis rotation must still be occurring at a rate that is
significant relative to the rate of extension (Fridrich et al. 1999 [DIRS 107333], pp. 207
and 208).
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Wernicke et al. (1998 [DIRS 103485], p. 2098) presented data from global positioning system
surveys that they interpreted as indicating a strain rate near Yucca Mountain three to four times
the Basin and Range average. Based on this conclusion, they suggested that the volcanic hazard
at Yucca Mountain may have been underestimated by an order of magnitude (Wernicke et
al. 1998 [DIRS 103485], p. 2099). A more recent study (Savage et al. 1999 [DIRS 118952])
using data covering a longer time period than Wernicke et al. (1998 [DIRS 103485]) interpreted
the data to suggest that within the error of the measurements, the strain rate near Yucca
Mountain measured between 1983 to 1998 was not significantly different from zero (Savage et
al. 1999 [DIRS 118952], p. 17631).

The suggestion that postulated anomalous strain rates near Yucca Mountain would lead to an
order-of-magnitude increase in the volcano recurrence rate is not consistent with the
post-Miocene volcanic record of the YMR. The total volume of basalt erupted during the past
million years near Yucca Mountain is less than 0.5 km?® and is part of a systematic decline in the
volume of basalt erupted over the past 5 m.y. (CRWMS M&O 1998 [DIRS 105347], Chapter 4,
p. 4-12). This million-year record of low-volume volcanism is inconsistent with the hypothesis
that approximate 100,000 year time intervals within this period have involved particularly high
strain rates that would lead to an order-of-magnitude increase in magmatic activity, as stated by
Wernicke et al. (1998 [DIRS 103485], p. 2099). Furthermore, the youngest episode of
volcanism near Yucca Mountain occurred as a temporally isolated event approximately 80 k.y.
ago at Lathrop Wells, with no volcanism occurring since (CRWMS M&O 1998 [DIRS 105347],
Chapter 2, Sections Ill and IV). This observation is inconsistent with the Wernicke et al. (1998
[DIRS 103485], p. 2099) hypothesis that Lathrop Wells may represent the onset of a cluster of
volcanic events that may continue for several tens of thousands of years. Savage et al. (1998
[DIRS 145359], p. 1007b) calculated that an order-of-magnitude increase in the volcano
recurrence rate would result in a 90 percent probability of a new volcano forming between 80 ka
and the present. No such event has occurred. Savage et al. (1998 [DIRS 145359], Figure 1) also
presented fault displacement data showing that deformation rates in the YMR have decreased
since about 60 k.y. ago, suggesting that the region is not currently within a period of anomalous
strain rate that would couple to an increased volcano recurrence rate.

6.4.1.4  Basin Subsidence and Fault Displacement

A greater subsidence in the southwestern part of the Crater Flat basin can be inferred from a
lower elevation and therefore, a greater sedimentation rate compared to the northeastern part of
the basin. A subtle topographic decline (lower on the southwest side) corresponds with the hinge
line, defined from the strike directions of faults (discussed above) along most of its length. The
lower elevation is a function of greater total amount of extension to the southwest of the hinge
line. Most faults that cross the hinge line show a pronounced southward increase in both
Quaternary displacement and total bedrock displacement across it (Fridrich et al. 1999
[DIRS 107333], pp. 197 and 208; Fridrich 1999 [DIRS 118942], p. 177), especially near the
western margin (Bare Mountain fault) and central part (southern Yucca Mountain) of the basin.
Miocene and Pliocene sediments are only slightly offset at the northern end of the Bare
Mountain fault, while Holocene sediments are significantly offset near the southern end of the
fault (Stamatakos et al. 1997 [DIRS 138819], p. 327). Also, growth of alluvial fans is greater
along the southern part of the fault. Differences in fan growth are indicative of increased fault
slip in the southwestern part of the basin and are compatible with measured slip rates along the
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Bare Mountain fault from 0.02 mm/yr in the north to 0.21 mm/yr along the southern part of the
fault (Ferrill et al. 1996 [DIRS 105315], p. 562). Along the eastern side of Crater Flat,
cumulative offset on the Solitario Canyon fault is approximately 1000 m greater to the south
compared to the north (Stamatakos etal. 1997 [DIRS 138819], p. 327). Greater differential
subsidence in the southwestern part of the Crater Flat basin is correlated with a greater thickness
of Quaternary alluvium in this part of the basin compared to adjacent parts. For example, lava
flows associated with Little Cones are buried beneath approximately 15 m of alluvium, while the
Red and Black Cones of approximately the same age are more completely exposed.

To summarize, a variety of structural data, including fault orientations, direction of dip, total and
late Quaternary extension, vertical-axis rotation, and basin subsidence, are interpreted to show
that the northeastern part of the Crater Flat basin is significantly different from the southwestern
part of the basin. That is, each part of the basin has a distinctive style of deformation; the two
regions of the basin can be distinguished from each other across a well-defined though
gradational boundary, the hinge line extending obliquely across the Crater Flat basin
(Figure 6-5). Thus, the northeastern and southwestern parts of the Crater Flat basin are
structurally distinct, with the southwestern part characterized by a history of greater extension.

6.4.15 Correlation with Volcanism

The post-Miocene basaltic centers of the Crater Flat basin lie within the southwestern part of the
basin (Figure 6-5). This part of the basin is coincident with the zone of greatest transtensional
deformation, between the hinge line of the basin and the Bare Mountain fault, suggesting that
this extensional zone controlled the ascent of basalt through the upper crust (Fridrich et al. 1999
[DIRS 107333], p. 210). The youngest volcano in the Crater Flat basin, the 80-ka Lathrop Wells
volcano, lies between the southern ends of the Windy Wash and Stagecoach Road faults, the
most active site of late Quaternary faulting in the Crater Flat basin (Fridrich et al. 1999
[DIRS 107333], p. 211). Thus, there is a close spatial and temporal relationship between sites of
extension and volcanism throughout the Crater Flat basin (Fridrich et al. 1999 [DIRS 107333],
p. 211). The restriction of three episodes of post-Miocene volcanism to the transtensional zone
in the Crater Flat basin suggests that volcanism is less likely to occur at Yucca Mountain, which
lies outside of the transtensional zone in an area where no post-Miocene volcanism has occurred
(Fridrich et al. 1999 [DIRS 107333], p. 210, Figure 17a). As discussed in the next section, the
PVHA experts recognized the close association between volcanism and areas of maximum
extension in the YMR (CRWMS M&O 1996 [DIRS 100116], pp. RC-5, BC-12, AM-5, MS-2,
GT-2). Subsequent geologic and geophysical studies provide corroborative evidence that areas
of maximum extension in the Crater Flat basin correspond closely to volcanic source zones
defined in the PVHA (Stamatakos et al. 1997 [DIRS 138819]; Brocher et al. 1998
[DIRS 100022]; Fridrich et al. 1999 [DIRS 107333]).

6.4.2 Probabilistic Volcanic Hazard Analysis Volcanic Source Zones: Relationship to
Crater Flat Structural Features and the Probability of Dike Intersection

The correlation between the structurally active part of the Crater Flat basin and sites of
volcanism within the basin indicate that Yucca Mountain is near, but not within, a local volcanic
zone that may produce small volumes of future volcanism (CRWMS M&O 1996
[DIRS 100116], Appendix E, expert zone maps). Although local source zones were chosen by
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PVHA experts based largely on the location of past volcanic events, they correspond to the areas
of highest cumulative extension and most recent faulting in the Crater Flat basin
(Fridrich et al. 1999 [DIRS 107333], Figures 5 and 6), an association recognized by several of
the PVHA experts (CRWMS M&O 1996 [DIRS 100116], pp. RC-5, BC-12, AM-3 through 5,
GT-2). In all cases in which local zones were defined, the zones were restricted to the
southwestern part of the Crater Flat basin or defined elongated, northwest-trending belts that
included the southwestern part and stretched to the Timber Mountain area (Figure 6-7a and
Figure 6-7b). All of the local zones excluded the northeastern part of the Crater Flat basin, in
which the proposed Yucca Mountain repository is located (Figure 6-7a and Figure 6-7b). Based
on structural arguments and the past patterns showing the close association of volcanism and
extension, the eastern boundaries of local volcanic source zones defined in the PVHA separate
more tectonically active and less tectonically active parts of the Crater Flat basin and may be
reasonable predictors of the eastern extent of volcanism expected in the future.

In terms of probability calculations, the volcanic source zones defined in the PVHA represent
local regions of higher event frequency (southwestern Crater Flat), while northeastern Crater Flat
(which includes Yucca Mountain) falls within a regional background source zone of lower event
frequency (Figures 6-7a and 6-7b). According to the intersection probability models used in the
PVHA, two mechanisms can generate a disruptive event at Yucca Mountain: either (1) a
volcanic event is generated within a local source zone (higher probability event) to the west of
Yucca Mountain and has the appropriate location and dike characteristics (length and azimuth) to
intersect the proposed repository, or (2) a volcanic event is generated within a regional
background zone (lower probability event) and intersects the repository. Because the probability
of intersection of a volcanic event with the proposed repository includes components of both
mechanisms, the intersection probability estimated for the repository should reflect spatial event
frequencies that lie between local source zone values and regional background values. This
conclusion is consistent with the results of the PVHA and is appropriate for a site that lies
outside of a local volcanic source zone, but near enough to possibly be affected by dikes
generated within the source zone.

In summary, many models of the experts related the areas of greatest likelihood for future
volcanic activity to the region where previous volcanism has occurred and in which extensional
deformation has been, and continues to be greatest, i.e., to the southwestern part of the Crater
Flat basin (CRWMS M&O 1996 [DIRS 100116], pp. RC-5, BC-12, AM-5, MS-2, GT-2, and
expert zone maps; Figure 6-7a and Figure 6-7b). Analysis by the NRC also indicates that the
highest likelihood of future volcanic activity is in southwestern Crater Flat (Reamer 1999
[DIRS 119693], Sections 4.1.5.4 and 4.1.6.3.3; Figure 6-26). Given that the southern and
southwestern part of the Crater Flat basin is the most extended (Ferrill et al. 1996
[DIRS 105315]; Stamatakos et al. 1997 [DIRS 138819]; Fridrich et al. 1999 [DIRS 107333];
Reamer 1999 [DIRS 119693], p. 47) and that the locus of post-Miocene volcanism in the Crater
Flat basin lies in the south and southwestern part of the basin (Fridrich et al. 1999
[DIRS 107333]; Reamer 1999 [DIRS 119693], p. 47), volcanic source zones defined in the
PVHA and centered in southwestern Crater Flat are consistent with the tectonic history and
structural features of the Crater Flat structural domain (Figure 6-7a and Figure 6-7b).
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Figure 6-7a. Local Structural Domains and Domain Boundaries of the Yucca Mountain Region and
Internal Structures of the Crater Flat Basin and Selected Parts of Adjacent Domains
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Figure 6-7b. Local Structural Domains and Domain Boundaries of the Yucca Mountain Region and
Internal Structures of the Crater Flat Basin and Selected Parts of Adjacent Domains
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6.5 PROBABILISTIC VOLCANIC HAZARD ANALYSIS FOR THE REPOSITORY
FOOTPRINT

The PVHA (CRWMS M&O 1996 [DIRS 100116]) presented a methodology for calculating the
frequency of intersection of the proposed repository by a volcanic event. The interpretations of
10 experts were used to compute a distribution for the frequency of intersection and quantify the
scientific uncertainty in the PVHA assessment. The configuration of the repository emplacement
area (BSC 2003 [DIRS 162289]) has a different outline from that used in the PVHA (CRWMS
M&O 1996 [DIRS 100116]). Consequently, the distribution for frequency of intersection is
recalculated in this section of the report, based on the volcanic hazard model developed in the
PVHA, but using the 2003 repository footprint (BSC 2003 [DIRS 162289]).

To evaluate the consequences of an intersection, information is needed on the length and
orientation of the intersecting dike or dikes and the probability that an eruptive center (the vent
above the conduit feeding an erupting volcano) forms within the emplacement area of the
repository. Although not computed in the original PVHA study, the length and orientation of
intersecting dikes can be obtained as part of the calculation process without any additional
assumptions. This section of the report develops these assessments from the PVHA volcanic
hazard model. The PVHA experts were not asked to make assessments of the number and
location for eruptive centers along the length of the dike system associated with a volcanic event.
The PVHA experts did assess the number of volcanic events represented by the observed
eruptive centers in the YMR. These assessments, together with the characteristics of Quaternary
volcanoes in the YMR and a limited number of assumptions (described in Section 5), are used to
derive empirical distributions for the number of eruptive centers per volcanic event. Application
of these assessments in the calculation of the number of eruptive centers within the proposed
repository requires assessment of the possible correlation between number of eruptive centers
and dike length and on the spatial distribution of eruptive centers along the length of the dike.
Calculations are performed in this report using a range of possible assessments to incorporate
these uncertainties into the analysis.

6.5.1 Description of the PVHA Volcanic Hazard Model Formulation

In the context of the PVHA volcanic hazard model, a volcanic event is a spatially and temporally
distinct batch of magma ascending from the mantle through the crust as a dike or system of dikes
(CRWMS M&O 1996 [DIRS 100116], Appendix E). The volcanic event is defined as a point in
space representing the expected midpoint of the dike system involved in the magma ascent. The
dike system associated with the volcanic event is represented in the PVHA probability model by
a line element defined in terms of a length, azimuth, and location relative to the point event
(Figure 6-8). The term “dike length” used in the PVHA and in this report when discussing
volcanic events, refers to the total length of the dike system associated with the volcanic event.
The phrase “intersection of the repository footprint by a dike” refers to intersection of the
emplacement area of the repository by the line element representing the dike system associated
with the volcanic event. The width of the dikes and the number of parallel dikes does affect the
consequences of an intersection and is included in Number of Waste Packages Hit by Igneous
Intrusion (BSC 2004 [DIRS 170001]).
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This section describes the formulation of the volcanic hazard model developed in the PVHA
(CRWMS M&O 1996 [DIRS 100116], Section 3), its extension to compute the distributions for
the length and azimuth of intersecting dikes within the repository footprint, and the number of
eruptive centers within this footprint. The mathematical description of the formulation is
presented in Appendix A. The calculations were performed utilizing the 2003 repository layout
(BSC 2003 [DIRS 162289]) and the repository footprint polygon, which was developed as
described in Appendix B.

6.5.1.1 Frequency of Intersection of the Repository Footprint by a Dike

The approach used to compute the frequency of intersection of the proposed repository by a
volcanic event is illustrated in Figure 6-8, Figure 6-9, and Figure 6-10. The PVHA experts
specified spatial and temporal models that define the frequency of occurrence of volcanic events
in the region around Yucca Mountain. A grid is constructed over this region with a spacing of
0.5 km in the x (east-west) and y (north-south) directions (a 1-km spacing was used in the
original PVHA calculation, CRWMS M&O 1996 [DIRS 100116]). At each location in the grid,
x and y, the annual frequency of occurrence of volcanic events is computed from the experts’
spatial and temporal models. The volcanic events occurring at any point will have an associated
dike. The experts defined distributions for the length and orientation of the possible dike or dike
system that may be associated with volcanic events. Shown schematically on Figure 6-8 are four
possible alternative geometries of the dike system associated with the volcanic event. Of these
four, two are at the proper orientation and of sufficient length to intersect the repository
footprint. Using the distributions for dike length and orientation, the fraction of all of the
possible alternative dike systems associated with volcanic events at any point that intersect the
proposed repository is computed. This fraction is defined as the conditional probability of
intersection for volcanic events at a point. (The probability is called a conditional probability
because it is conditional on the occurrence of a volcanic event.).

Figure 6-9 illustrates how the conditional probability of intersection is computed. The dike
system associated with a volcanic event at point (x,y) has a total length L. The distance d from
the point (x,y) to the end of the dike system in the direction of the repository is important for
determining whether or not intersection of the repository footprint occurs. Distance d is some
fraction of the total length L depending on how the dike system is oriented with respect to the
volcanic event. (How distance d is determined is discussed in the paragraph below.) Given a
distance d, all dikes with azimuths between ¢; and ¢, will intersect the repository footprint. The
probability that the dike will have an azimuth between ¢; and ¢, is determined by the PVHA
experts’ distributions for dike orientation. The probability that the dike system will have length
d is determined by the PVHA experts’ distributions for the total length of the dike system L and
the location of the dike system with respect to the volcanic event. Combing these two
probability distributions produces the conditional probability of intersection for point (X,y).
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Figure 6-8. Schematic lllustrating Procedure for Computing the Frequency of Intersection of the
Proposed Repository by a Volcanic Event

Repository

N Point event at (x,y)

Dike for event

For Information Only

NOTE: L is the length of the dike, d is the distance from the volcanic event at point (x,y) to the end of the dike, ¢
and ¢, are the range in azimuths for which a dike extending a distance d from point (x,y) will intersect the
repository, and L'm is the length of the intersecting dike within the repository when the dike is at azimuth ¢,.

Figure 6-9. lllustration of the Process Used to Compute the Conditional Probability of Intersection of the
Proposed Repository by a Volcanic Event
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Figure 6-10. Example Distributions for Dike Length, L, (part a); Normalized Location of the Point
Volcanic Event Relative to the Total Length of the Dike, EL, (part b); and the Resulting
Distribution for Distance from the Point Volcanic Event to the End of the Dike, d (part c)
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Figure 6-10 illustrates how the distribution for distance d is obtained. Part (a) of Figure 6-10
shows an example probability distribution for the total length L of the dike system associated
with a volcanic event. Typically, these distributions were defined by the PVHA experts to be
skewed with long upper tails. Part (b) shows a distribution for the normalized location of the
dike system relative to the point volcanic event, parameter EL. If all dike systems were centered
on the volcanic event, then EL would always equal 0.5 and d would always equal L/2. However,
the PVHA volcanic hazard model allowed for the possibility that the dike system near the
surface was not necessarily centered on the volcanic event and EL was allowed to vary over the
range of 0 to 1. The PVHA experts specified distributions for EL that were symmetric about 0.5
(the expected center of the event relative to the total length of the dike) and typically had higher
probability for locations at the midpoint (the dike centered on the event point) than at the ends
(the dike extending for its full length in one direction away from the event point). It is because
the parameter EL is allowed to vary between 0 and 1, that the point volcanic event is defined as
the “expected” center (the mean value of EL is equal to 0.5 in all cases) rather than just the
center of the volcanic event. Part (c) shows the resulting probability and cumulative probability
distributions for the distance d from the proposed repository to the end of the dike obtained by
convolving the distributions from (a) and (b).

The frequency of intersecting volcanic events occurring at point (x,y) in Figure 6-8 is then
obtained by multiplying the frequency of volcanic events occurring at that point by the
conditional probability of intersection for that point. The process is repeated for all locations in
the grid, producing the frequency of intersection at each point. The sum of these values over all
locations in the grid is the annual frequency of intersection of the proposed repository by
volcanic events, the computed result of the PVHA volcanic hazard model.

Figure 6-11 shows the components of this calculation. Part (a) shows the spatial distribution of
volcanic event frequency. The contour value at any point represents the expected annual
frequency of volcanic events per square kilometer. These values represent the weighted average
of all of the PVHA experts’ alternative spatial and temporal models for the occurrence of
volcanic events. Areas with the highest event frequency (contoured intervals from orange to red)
outline Crater Flat and a small region around the Lathrop Wells volcano. Areas with the next
level of event frequency (yellow contoured areas) extend to the northwest to Sleeping Buttes and
to the south into Amargosa Valley. There is also a small yellow area at Buckboard Mesa
northeast of the repository location. The areas of higher event frequency represent areas of
post-Miocene volcanism in the YMR and areas where future volcanism is considered more likely
to occur. Part (b) of Figure 6-11 shows a map of the product of the volcanic event frequency
(part @) and the conditional probability of intersection for each point (x,y). It is a map of the
spatial distribution of volcanic events that contribute to the mean annual frequency of
intersection (the integral of the displayed densities equals the mean annual frequency of
intersection). In those areas that are shown in white, the conditional probability of intersection is
very low and dike systems for volcanic events that occur in these areas are very unlikely to
intersect the repository. The north-northeast—south-southwest elongation of the region shown
on Part (b) of Figure 6-11 reflects the highest weighted orientation of dike systems in the PVHA
volcanic hazard model. The shape of the yellow region to the southwest of the repository
location matches that of the high frequency region for Crater Flat on part (a), with a high
intensity point at Lathrop Wells. The Buckboard Mesa region to the northeast of the repository
also shows a contribution to the intersection frequency.
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